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t i o n .  





ABSTRACT 

Radiation effects in lithium-diffused bulk silicon have been studied 

to ascertain the nature of the defects responsible for the degradation 

in output of silicon devices (solar cells) irradiated by space radiation. 

Results of neutron activation analysis for lithium were inconclusive 

for lightly diffused silicon but generally indicate greater lithium 

concentrations in heavily diffused silicon than had been inferred from 

resistivity measurements. 

Minority-carrier lifetime temperature dependence measurements were 

performed before and after irradiation with 30-MeV electrons and fission 

neutrons and after anneal. These measurements indicate that lightly 

diffused silicon has two irradiation-induced recombination centers, one 

located near E - 0.17 eV and one deeper than 0.35 eV from a band edge. 
C 

These centers were found to anneal at different rates. At high electron 

fluences, trapping centers were observed. No irradiation temperature 

dependence of the degradation rate was observed between 115 and 300°K. 

No impurity dependence was observed for the degradation rate of 

samples irradiated with fission neutrons. Nearly all the neutron damage 

was annealed by first-order kinetics between 300 and 380'~. An activation 

energy of 0.67rt0.03 eV was determined, which compares with 0.66t0.05 eV 

for lithium diffusion in silicon. The effective frequency factor of 10 
7 

- 1 sec indicates long-range migration. 

An electron spin resonance investigation of the Si-G7 (divacancy) 

and Si-G8 (phosphorus-vacancy) centers in electron-irradiated lithium- 

diffused silicon indicated exceptionally low production rates. The low 

divacancy production rate was verified by infrared absorption measurements. 
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1. INTRODUCTION 

The purpose of the present program is to ascertain the nature of the 

degradation and annealing of the minority-carrier lifetime in silicon 

irradiated with high-energy electrons and fission neutrons. The defects 

formed by this type of irradiation are expected to be similar to those 

produced by electrons, protons, and neutrons, which cause the degradation 

of silicon solar cells exposed to natural and artificial space radiation. 

In recent years, investigators at Gulf General Atomic Incorporated (GGA) 

have carried out basic research programs in an attempt to determine whether 

the degradation is caused by primary radiation-induced defects or by an 

association of these primary defects with impurities. The annealing 

properties of these defects have also been studied. In these programs, 

lithium-diffused silicon solar cells have shown promise of being superior 

to other types of silicon solar cells in a radiation environment. 

Previous work by other investigators on lithium-diffused silicon 

solar cells was concentrated on determining the effects of irradiation 

and annealing, with various starting materials and lithium concentrations 

and cells produced by various manufacturers. These programs showed the 

general characteristics of the irradiation and annealing response of 

these cells. However, many important questions concerning the behavior 

of these cells in a radiation environment remain unanswered, 

There are two approaches to determining the feasibility of using 

lithium-diffused silicon solar cells in space applications. One is the 

direct approach, in which the output characteristics of the cells are 

measured as a function of type of irradiation particle, fluence, lithium 

concentration, time, and temperature. This approach is time-consuming, 



since it requires long-term experiments to measure the cell output char- 

acteristics after an irradiation. In addition, the number of parameters 

to be studied and the various environments to be considered make this 

approach cumbersome. The second approach is the basic-mechanisms approach. 

Its objective is to obtain an understanding of the physical, microscopic 

nature of the defects and their annealing. Once these are understood, 

the response of the cells in various environments can be predicted. This 

understanding can also lead to recommendations for improving the perform- 

ance of the cells in an irradiation environment. The basic-mechanisms 

approach can complement the direct approach by suggesting experiments 

and pointing out important parameters that may otherwise have been over- 

looked. Used together, the two approaches will minimize the need for 

long-term experiments. 

In the basic-mechanisms approach, data from silicon solar cells are 

sometimes difficult to interpret because of problems inherent in the 

use of lithium-diffused silicon solar cells. These problems include: 

high field effects in the depletion region; large concentration gradients 

of lithium near the junction (i.e., the actual lithium conentration 

within a diffusion length of the junction) ; effects of irradiation on 

contacts; and aging of contacts. Therefore, at GGA we have concentrated 

on the electrical properties of - bulk lithium-diffused silicon, measuring 

the effects of irradiation with 30-MeV electrons and fission neutrons 

and subsequent annealing behavior. Special emphasis has been placed on 

minority-carrier lifetime measurements, since solar cell efficiency 

depends strongly on this parameter. 

Studies to determine the nature of the recombination centers in 

lithium-diffused silicon for preirradiation and postirradiation and 

preanneal and postanneal conditions indicate recombination center densities 

and energy levels and their annealing characteristics. These studies 

have been carried out for samples with varied lithium concentrations. 



Elec t ron  s p i n  resonance (ESR) measurements y i e l d  a d d i t i o n a l  d e t a i l e d  

information about radiat ion-induced d e f e c t s  which may be r e spons ib l e  f o r  

l i f e t i m e  degrada t ion ,  Under favorable  condi t ions  t h i s  technique may 

sepa ra t e ly  determine t h e  cen te r s  observed i n  minor i ty-car r ie r  l i f e t i m e  

s t u d i e s .  The ESR technique was previously used t o  study t h e  product ion 

and anneal ing of t h e  oxygen-vacancy (Si-B1) c e n t e r  i n  l i th ium-di f fused  

s i l i c o n .  I n  t h e  p re sen t  i n v e s t i g a t i o n  t h i s  technique has been extended 

t o  inc lude  t h e  s tudy  of t h e  product ion and anneal ing of t he  divacancy 

(Si-G7), t he  phosphorus-vacancy (Si-G8), and an  (as  y e t )  u n i d e n t i f i e d  

c e n t e r  i n  l i th ium-di f fused  s i l i c o n .  These r e s u l t s  may be compared wi th  

t h e  previous r e s u l t s  on the  B 1  cen te r .  

In f r a red  absorp t ion  techniques have been used t o  augment the  f ind ings  

of ESR measurements. In f r a red  absorp t ion  measurements a r e  l e s s  s e n s i t i v e  

than  ESR measurements, bu t  un l ike  ESR can genera l ly  be used t o  observe 

d e f e c t s  r ega rd l e s s  of t h e i r  charge s t a t e .  

Neutron a c t i v a t i o n  ana lys i s  has been used i n  conjunct ion wi th  

e l e c t r i c a l  conduct iv i ty  measurements i n  an e f f o r t  t o  v e r i f y  t he  l i t h ium 

concent ra t ion  es t imated  from the  r e s i s t i v i t y  measurements. There has 

been cons iderable  unce r t a in ty  regarding the  presence o r  absence of 

p r e c i p i t a t e d  l i t h ium regions  i n  l i th ium-di f fused  s i l i c o n .  

E l e c t r i c a l  r e s i s t i v i t y  measurements were used t o  determine t h e  

l i t h i u m  concent ra t ion  and t o  h e l p  determine t h e  p o s i t i o n  of t h e  Fermi 

l e v e l  f o r  t h e  ESR and minor i ty -ca r r i e r  l i f e t i m e  s t u d i e s ,  



2. IRRADIATION FACILITIES 

Most of t h e  i r r a d i a t i o n s  f o r  t h e  present  program were performed a t  

t h e  GGA e l e c t r o n  l i n e a r  a c c e l e r a t o r  (Linac) f a c i l i t y .  This  f a c i l i t y  

conta ins  an  L-band traveling-wave e l e c t r o n  a c c e l e r a t o r  capable of pro- 

ducing e l e c t r o n s  wi th  energ ies  between 3 and 45 MeV, pulse  widths from 

0 .01  t o  5 psec ,  and peak cu r ren t s  of approximately 700 mA. This machine 

was used both as t h e  source of displacement r a d i a t i o n  and a s  the  i o n i z i n g  

r a d i a t i o n  source  needed t o  ob ta in  excess  c a r r i e r s  i n  t he  l i f e t i m e  ex- 

periments.  The i n t e n s i t y  and pulse  widths were reduced f o r  t he  i o n i -  

z a t i o n  pu l se s  t o  minimize displacement damage t h a t  would occur a s  a  

r e s u l t  of t hese  pulses .  

A second source  of i on iz ing  pu l se s  f o r  t h e  l i f e t i m e  experiments 

was a  GGA f l a s h  X-ray source.  This machine d e l i v e r s  a  120-nsec pu l se  

of 600-keV X-rays. 

The GGA Accelera tor  Pulsed Fas t  Assembly (APFA) was the  f i s s i o n  

neutron source f o r  minor i ty-car r ie r  l i f e t i m e  s t u d i e s .  The APFA i s  a  

7-in.-diameter uranium (93% U 235) un re f l ec t ed  f a s t  r e a c t o r  which can 

be opera ted  a s  e i t h e r  a  s t eady- s t a t e  r e a c t o r  o r  a r e p e t i t i v e l y  pulsed 

(up t o  720 pps) s u b c r i t i c a l  f a s t  neut ron  source.  The APFA o f f e r s  easy 

a c c e s s i b i l i t y  f o r  pos i t i on ing  of t e s t  samples. These may be loca t ed  

i n s i d e  a  314-in.-diameter ho le  i n  t h e  r e a c t o r  o r  ad jacent  t o  the  co re .  

Once t h e  t e s t  samples a r e  i n  p o s i t i o n ,  t h e  r e a c t o r  i s  brought t o  t h e  

des i r ed  r e a c t i v i t y  conf igura t ion  and ( i f  des i r ed )  pulsed.  



3. SAMPLE PREPARATION 

In previous work with lithium-diffused silicon performed by GGA, (1) 

the samples were prepared by NASAI~oddard; Centralab, Semiconductor 

Division, Globe Union, Inc.; and Radio Corporation of America. Under 

the present contract, in order to save time and ensure that our sample 

requirements were met, we produced our own lithium-diffused samples. 

Silicon was diffused by two techniques: lithium-oil paint-on and lithium- 

tin bath diffusion. 

3.1. PAINT-ON DIFFUSION 

In the lithium-oil paint-on technique, a lithium mixture consisting 

of a 10:l volume ratio of (99.9%) lithium to (high-purity, powdered) 

A1 0 was blended to paste consistency with mineral oil. This blend 
2 3 

was applied to one or both flat sides of a disk-shaped sample. Two- 
4 

millimeter-thick samples of 10 -ohm-cm, high-purity, vacuum-float-zone 

n-type silicon and 0.5-ohm-cm, phosphorus-doped float-zone n-type silicon 

were diffused at 450°C. After diffusion, the lithium paste was removed 

and the lithium redistributed at 450°C. On samples diffused from one 

side only, redistribution was continued until the same resistivity was 

measured on each side of the slab. Lithium concentrations ranging from 

5 x 1014 to 2 x 1017 cmm3 were obtained. 

3.2. LITHIUM-TIN BATH DIFFUSION 

In the lithium-tin bath diffusion technique, two lithium-doped 

tin baths were prepared by mixing approximately 1:1000 weight ratios 

of (99.9%) lithium metal powder with (99.98%) tin metal pellets (40 mesh) 



and m e l t i n g  t h e  mix ture .  The "as-received"  t i n  was somewhat o x i d i z e d ,  

and t h i s  ox ide  was removed by d r i p p i n g  t h e  m e l t  through s m a l l  g l a s s  

o r i f i c e s .  Emission spec t roscopy  a n a l y s i s  i n d i c a t e d  t h e  b a t h s  con ta ined  

0.2% and 1% l i t h i u m  by weigh t .  These c o n c e n t r a t i o n s  p e r m i t t e d  t h e  ap- 

p l i c a t i o n  of p u b l i s h e d  d a t a ( 2 )  f o r  l i t h i u m - d i f f u s i n g  of s i l i c o n .  Vacuum- 

float-grown samples were p repared  w i t h  r e s i s t i v i t i e s  r a n g i n g  from 0.25 

t o  about  11 ohm-cm, corresponding t o  e s t i m a t e d  l i t h i u m  c o n c e n t r a t i o n s  
1 4  -3 16 -3 

rang ing  from about  5  x  1 0  cm t o  about  5  x  1 0  cm . 

The p r i n c i p a l  advan tage  found i n  t h i s  t e c h n i q u e  was t h e  a b i l i t y  t o  

produce uniform samples w i t h  r e s i s t i v i t i e s  from 1 t o  11 ohm-cm. The 

main d i f f i c u l t y  encountered was keeping t h e  b a t h s  c l e a n .  During t h e  

y e a r ,  bo th  b a t h s  d i s c o l o r e d .  The d i s c o l o r a t i o n  is thought  t o  b e  o x i d a t i o n  

and appears  t o  be conf ined  t o  t h e  s u r f a c e .  It may be  no ted  t h a t  t h e  

d i s c o l o r a t i o n  formed even though t h e  b a t h s  were s t o r e d  under a  vacuum 

d u r i n g  and between d i f f u s i o n s .  They were opened t o  ambient a i r  on ly  

when samples were  i n s e r t e d  o r  removed. The s u r f a c e  d i s c o l o r a t i o n  d i d  

n o t  seem t o  a l t e r  t h e  e f f e c t i v e n e s s  of t h e  b a t h s .  For d i f f u s i o n ,  t h e  

c leaned  and e t c h e d  s i l i c o n  s l a b s  were f o r c e d  under  t h e  s u r f a c e  of t h e  

mol ten  b a t h  by a  q u a r t z  weight  and d i f f u s e d  from a l l  s i d e s .  Li th ium 

c o n c e n t r a t i o n s  were e s t i m a t e d  a f t e r  d i f f u s i o n  from room tempera tu re  

(300°K) r e s i s t i v i t y  measurements and v e r i f i e d  by n e u t r o n  a c t i v a t i o n  

a n a l y s i s .  

3 .3 .  UNIFORMITY OF LITHIUM DIFFUSION 

R e s i s t i v i t y  p r o f i l e s  were  determined by a four-probe t e c h n i q u e  

f o r  b o t h  samples l i t h i u m - d i f f u s e d  by t h e  paint -on t e c h n i q u e  and samples 

p repared  by t h e  l i t h i u m - t i n  b a t h  t echn ique .  These measurements i n d i c a t e d  

t h e  u n i f o r m i t y  of l i t h i u m  d i f f u s e d  i n t o  t h e  s i l i c o n .  For example, one 

of t h e  samples l i t h i u m - d i f f u s e d  w i t h  t h e  l i t h i u m - t i n  b a t h  was o r i g i n a l l y  

6 .4  x  8.7 x  2 mrn, A f t e r  d i f f u s i o n ,  t h e  r e s i s t i v i t y  of each s i d e  was 

measured; t h e n  0 .25 mm was lapped o f f  one s i d e  and t h e  r e s i s t i v i t y  of 



b o t h  s i d e s  was remeasured.  T h i s  p rocess  was r e p e a t e d ,  w i t h  about 0 .25 mm 

be ing  removed from t h e  same s i d e  each t i m e ,  u n t i l  t h e  sample t h i c k n e s s  

was reduced t o  about  1 mm. Our four-probe i n s t r u m e n t  has  1-mm probe 

s p a c i n g ,  s o  t h e  measured r e s i s t i v i t y  was c o r r e c t e d  f o r  t h e  d i m i n i s h i n g  

sample t h i c k n e s s  a c c o r d i n g  t o  t h e  method of Valdes .  ( 3 )  F i g u r e  1 shows 

t h e  c o r r e c t e d  r e s i s t i v i t y  v e r s u s  sample t h i c k n e s s  f o r  t h e  11-ohm-cm 

sample.  Other  samples r a n g i n g  from 0.052 t o  11 .5  ohm-cm were s i m i l a r l y  

i n v e s t i g a t e d  and were found t o  be uniform. 

The l i t h i u m  pa in t -on  t echn ique  was most s u i t a b l e  f o r  producing 

t h e  h i g h l y  d i f f u s e d  (low r e s i s i t i v i t y )  samples needed f o r  n e u t r o n  a c t i -  

v a t i o n  a n a l y s i s  and ESR samples.  Some d i f f i c u l t y  was exper ienced i n  

producing uniform samples ,  and samples were o c c a s i o n a l l y  found t o  b e  

p i t t e d  a f t e r  a  l i t h i u m  paint -on d i f f u s i o n .  T h i s  d i f f i c u l t y  h a s  been  

mentioned by many o t h e r  i n v e s t i g a t o r s .  ( 4 )  Samples which were found 

t o  be  nonuniform were  d i s c a r d e d .  

The samples used f o r  m i n o r i t y - c a r r i e r  l i f e t i m e  s t u d i e s  were produced 

mainly  by t h e  l i t h i u m - t i n  b a t h  t echn ique .  Uniform samples were o b t a i n e d  

by t h i s  method w i t h  l i t t l e  d i f f i c u l t y .  



SAMPLE THl C M E S S  (mn) 

Fig. 1. Resistivity versus sample thickness for 11-ohm-cm lithium-diffused silicon 



4. NEUTRON ACTIVATION ANALYSIS 

4.1. PURPOSE 

E l e c t r i c a l  r e s i s t i v i t y  and Ha l l - e f f ec t  measurements have been used 

t o  e s t ima te  t h e  l i t h ium dens i ty  i n  l i thium-diffused s i l i c o n  samples. (1) 

R e s i s t i v i t y  p r o f i l e s  were used t o  determine t h e  r e l a t i v e  l i t h ium p r o f i l e .  

It is  usua l ly  assumed t h a t  each l i t h ium atom i s  p re sen t  a s  a  s i n g l y  

ion ized  donor. Neutron a c t i v a t i o n  a n a l y s i s  (NAA) was used as an  inde- 

pendent means t o  es t imate  t he  l i t h ium dens i ty  i n  s i l i c o n .  By comparing 

r e s i s t i v i t y  measurements and NAA r e s u l t s ,  we hoped t o  e s t a b l i s h  whether 

l i t h ium was p re sen t  a s  a  p r e c i p i t a t e .  

An NAA method has been developed f o r  t h e  determinat ion of very 

smal l  amounts of l i t h ium i n  va r ious  ma te r i a l s .  A pu ls ing  TRIGA nuclear  

r e a c t o r ,  a  r a p i d  pneumatic sample- transfer  system, and a  Cerenkov counter  
7  

a r e  used, r e s p e c t i v e l y ,  t o  ob ta in  high s p e c i f i c  y i e l d s  from t h e  L i  (n ,y)Li  8 

r e a c t i o n ,  b r ing  the  0.84-sec h a l f - l i f e  product rad ionucl ide  t o  t he  counter ,  
8 

and count t h e  13.1-MeV (Emax) b e t a  p a r t i c l e s  from L i  . I n  the  absence 
-9 of app rec i ab le  i n t e r f e r e n c e s ,  a s  l i t t l e  a s  10 g  of l i t h ium can thus  

be de t ec t ed .  (5 ,6)  

4.2. RESULTS AND ANALYSIS 

Table 1 summarizes t h e  r e s u l t s  obtained f o r  t h e  samples which under- 
4  

went a c t i v a t i o n  ana lys i s .  R e s i s t i v i t i e s  ranged from 10 t o  0.052 ohm-cm. 

Such r e s i s t i v i t i e s  would imply l i t h ium d e n s i t i e s  ranging from l e s s  than  
-3 (7) 1013 cm-3 t o  about 3  x 1017 em . 



TABLE 1 
COMPARISON OF LITHIUM CONTENT AS DETERMINED BY RESISTIVITY 

ESTIMATES AND AS MEASURED BY NEUTRON ACTIVATION ANALYSIS 

Sample 
Number 

1 

4 

2 

5 

3 

6 

9 

7 

8 

R e s i s t i v i t y  
(ohm-cm) 

l o 4  
l o 4  
11 

4 

0.37 

0 .25 

0 . 1 1  

0.05 

0.05 

Method 
of L i  

D i f f u s i o n  

Not d i f f u s e d  

Not d i f f u s e d  

L i - t i n  b a t h  

L i - t i n  b a t h  

Paint -on 

Paint -on 

Paint -on 

Paint -on 

Paint -on 

Weight 
( g )  

0.124 

0.123 

0.112 

0.116 

0.108 

0.104 

0.270 

0.290 

0.260 

Volume 
(cm3) 

0.056 

0.053 

0.050 

0.050 

0.048 

0.045 

0.116 

0.125 

0.110 

R e s i s t i v i t y  
E s t i m a t e  o f  

T o t a l  L i  
( ~ 8 )  

0.000 

0.000 

0.000 

0 .001 

0.009 

0.016 

0.14 

0.35 

0.32 

Es t imated  
L i  Dens i ty  

< 10 1 3  

5x1014 

1 . 5 ~ 1 0  1 5  

1 . 5 ~ 1 0  16 

3 x 1 0 ~ ~  

lXlo1' 
2 . 5 ~ 1 0  1 7  

2 . 5 ~ 1 0  
17  

NAA 
R e s u l t s  

(1-18) 

0.010 

<0.066 

c0.055 

<0.053 

0.026 

<0.060 

0.094 

2.65 

0.094 



To determine the lithium content, each sample and a 26.4-yg lithium 

comparator standard were sequentially exposed to the 870-MW pulses in 

the F-ring of the TRIGA Mark I reactor. They were immediately (less than 
8 

0.6 sec) transferred to a Cerenkov counter, and the 0.84-sec Li component 

of the decay curve was measured by multichannel scaling. Comparison of 

sample response with that of the standards provides the basis for calcu- 

lating the lithium content of the samples. The actual limit of the amount 

of lithium measured by activation analysis appeared to be about an order 

of magnitude greater than the interference-free limits of detection of 

g. 

Limitations on the sample size somewhat restricted the measurement 

sensitivity. The physical size of the samples was limited by the dimen- 

sions of the special polyethylene containers used in the pneumatic system 

required to rapidly transfer the sample from the TRIGA reactor to the 
3 

counting system. The average volume of the samples submitted was 0.07 cm . 
The most favorable case was a 0. 125-cm3 (0.052-ohm-cm) sample, which 

- 7 
corresponds to an estimated lithium content of about 3.5 x 10 g. Thus, 

for lightly diffused samples, the NAA determination was limited by ex- 

perimental uncertainties. 

For the low-lithium-concentration samples, the estimate of the 

lithium obtained by NAA agrees fairly well with the lithium estimate 

obtained from resistivity measurements. These samples were all diffused 

by the lithium-tin bath technique. However, for the high-lithium-content 

samples, the NAA estimates ranged from values equal to the resistivity 

estimates to values much larger than the resistivity estimates. 

4.3. CONCLUSIONS 

The NAA results tend to suggest that for the low-lithium-content 

(less than 1017 cm3) samples, the lithium is present in the samples as 



singly ionized donors. For this study, the low-lithium-content samples 

were diffused by the lithium-tin bath technique. However, for the high- 

lithium-content (greater than 1017 ) samples, the NAA result s show 

that there may be significantly more lithium present in certain samples 

than indicated by the resistivity measurements. These high-lithium- 

content samples were produced by the lithium paint-on technique. 

The results for high-lithium-content samples are in agreement with 

those of Ferman and S~alin,'~) who found that lithium does precipitate 

in heavily diffused silicon, The possibility of freeing this precipitated 

lithium adds new possibilities to the annealing mechanisms present in 

lithium-diffused silicon. 



5. STUDY OF MINORITY-CARRIER LIFETIME 

5.1. INTRODUCTION 

Minority-carrier lifetime measurements have been studied for several 

reasons. First, changes in minority-carrier lifetimes due to radiation- 

induced defects can be observed at very low fluence levels (approximately 
2 1012 e/cm ) , making these measurements some of the most sansitive measure- 

ments available. Second, the temperature dependence of minority-carrier 

lifetime establishes the density and energy levels of recombination 

centers. Third, the solar cell output can be related to the minority- 

carrier lifetime (T). The ideal") voltage current characteristics of 

solar cells is given by 

where I is the current in the load, V is the voltage across the junction, 

I is the reverse saturation current, I is the quantity proportional to S L 
light intensity, k is Boltzmann's constant, T is absolute temperature, 

q is the electronic charge, and n = 1. The open-circuit voltage, voc ' 
where I = 0, is seen to be 

In a similar manner, the short-circuit current, ISC, is 



where C is a constant dependent on light-source intensity, X is the 
wavelength of the light source, D is the minority-carrier diffusion 

constant, and T is the minority-carrier lifetime. When the resistance 

of the solar cell is sufficiently small, ISC = IL. It is evident from 

Eqs. (I), (2), and (3) that the minority-carrier lifetime can be directly 

related to the degradation and anneal of solar cell outputs. 

5.2. MINORITY-CARRIER LIFETIME MEASUREMENT TECHNIQUES 

The minority-carrier lifetimes were measured by two techniques. 

The first was the standard photoconductivity decay method, and the second 

was the steady-state photoconductivity method. 

5.2.1. Photoconductivity Decay 

The photoconductivity decay technique is described in Ref. 1. Three 

penetrating carrier-injection sources were employed: a filtered xenon 

strobe light, a 600-keV flash X-ray, and a low-level, 0.1-psec pulse of 

30-MeV electrons. Carrier-injection levels of less than 1% were generally 

used. The same preirradiation, low-injection-level lifetime was measured 

using all three injection sources. Photodecay signals were observed on 

an oscilloscope and photographed. When necessary, these data were reduced 

by a computer calculation as previously described. (10) 

5.2.2. Steady-State Photoconductivity 

The steady-state photoconductivity technique was used for the neutron 

irradiation experiments and some of the electron irradiation experiments. 

For these measurements, minority carriers were injected with a tungsten- 

filament light source, which was passed through a lens system, water, 

gallium arsenide, and silicon filters, and were chopped by a toothed wheel 
3 at 10 Hz. At equilibrium, the change in conductivity is A 0  = gTe (pn + u ) ,  

P 
where g is the generation rate of the light source and y and p are the 

n P 



electron and hole mobilities. The direct-current conductivity is 

a. = n ev Thus, holding the sample current constant, one finds 0 n' 
that 

3 
The signal observed was dc voltage (V) modulated by a 10 -Hz chopped 

signal of amplitude AV = V. From Eq.  ( 4 ) ,  it is clear that 

The constant A was empirically determined for each sample by 

comparing the measured photodecay lifetime (T)  with the amplitude of 

the steady-state signal (AV/V) at one or more temperatures. Character- 
- 2 

istically, A = 2 to 3 x 10 see, depending on the light intensity. 

Carrier-injection levels of less than 1% were used. 

5.3. EXPERIMENTAL 

5.3.1. Samples 

All the samples used in these lifetime investigations were fabricated 
4 from 10 -ohm-cm, float-zone n-type silicon. This high-purity material had 

3 a room temperature lifetime of about 10 psec before lithium diffusion. 

Thus, the density of recombination centers prior to diffusion was neg- 

ligibly low. The samples were lithium-diffused by both the lithium-tin 

bath and paint-on techniques. Samples were of the standard four-lead 

configuration. Gold preforms were ultrasonically tacked to 1.6 x 1.6 x 10 mm 

samples and bonded by heating to 450°C for 7 min. Four 0.002-in. copper 



leads were soft-soldered to the gold dots, and a copper-constantan thermo- 

couple was cemented to one end of the sample with GE-7031 insulating 

varnish. Three types of samples were studied: 11-ohm-cm and 3.7-ohm-cm 

samples were made by lithium-tin bath diffusion, and a 0.4-ohm-cm sample 

was produced by the lithium-oil paint-on technique. 

Assuming all the lithium ions are singly ionized donors, one would 

estimate from the resistivity an initial lithium density of no = 4.5 x 10 14 

-3 16 -3 cm for the 11-ohm-cm samples and n = 1.5 x 10 cm for the 0.4-ohm-cm 
0 

sample. Typical preirradiation, inverse temperature dependence of 

conductivity is shown in Figs. 2 and 3. The conductivity decrease with 

increasing temperature is due to the temperature dependence of lattice 

scattering. (11) 

5.3.2. Sample Chambers 

Samples were attached to headers which could be installed in either 

of the two variable-temperature chambers illustrated in Figs. 4 and 5. 

Figure 4 also schematically indicates the tungsten light source, lens, 

and chopper system used in the steady-state minority-carrier lifetime 

measurements. The tungsten source and chopper could be replaced with a 

xenon strobe lamp for photodecay measurements. This chamber was prin- 

cipally used where the injection source had to be filtered to remove 

nonpenetrating light. Water, gallium arsenide, and silicon filters were 

used. The silicon filter was mounted on the sample block so that it was 

always at the sample temperature. The cryostat shown in Fig. 5 was 

used when the injection source was penetrating, e.g., 30-MeV electrons 

or 600-keV X-rays. 

5.4. MINORITY-CARRIER LIFETIME RECOMBINATION THEORY 

The theory of recombination of excess carriers has been treated by 

others, (12-14) and the relation between theory and experimentally measured 



Fig. 2. Initial conductivity of 0.4-ohm-cm lithium-diffused silicon 



0 PREIRRADIATION 

Fig. 3. Electrical conductivity as a function of 1000/T for lithium-diffused, 
11-ohm-cm n-type silicon 
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Fig. 4. Apparatus f o r  measuring l i f e t i m e  and r e s i s t i v i t y  a s  a  func t ion  of neutron f luence  (not  t o  s c a l e )  
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Fig. 5. Variable-temperature (50 to 500°K) cryostat used to make electrical 
and optical measurements . 



q u a n t i t i e s  has been repor ted  e a r l i e r .  (15-17) The conclusions can be 

summarized a s  fol lows.  The Shockley-Read theory f o r  a s ing le - l eve l  

de fec t  assumes t h a t  t h e  number of recombination cen te r s  is  smal l  r e l a t i v e  

t o  t h e  exces s -ca r r i e r  dens i ty .  This assumption implies  t h a t  t h e  excess  

e l e c t r o n s  and holes  have equal  d e n s i t i e s  and l i f e t i m e s .  The express ion  

f o r  t h e  l i f e t i m e  i n  t h i s  case is 

where n and p a r e  t h e  thermal equi l ibr ium e l e c t r o n  and hole  concen- 
0 0 

t r a t i o n s ,  nl and pl a r e  t h e  e l e c t r o n  and ho le  concent ra t ions  c a l c u l a t e d  

when t h e  Fermi l e v e l  is assumed t o  l i e  a t  t h e  recombination c e n t e r  l e v e l ,  

An = Ap i s  t h e  excess-car r ie r  concent ra t ion ,  T is the  l i f e t i m e  f o r  
"0 

e l e c t r o n s  i n  h ighly  p-type m a t e r i a l ,  and T is t h e  l i f e t i m e  f o r  ho le s  
p 0 

i n  h ighly  n-type ma te r i a l .  I n  n-type m a t e r i a l  ( f o r  p-type, n ' s  and p ' s  

a r e  in te rchanged) ,  where no >> po, d iv id ing  by n g ives  
0 

where T ( low-inject ion-level  l i f e t i m e )  and T (h igh- in jec t ion- leve l  R h 
l i f e t i m e )  a r e  t he  corresponding terms i n  t he  equat ions.  



Our measurements were largely confined to low-injection-level 

measurements (An/no < 1%) in n-type material. The low-injection-level 

lifetime, T = T (1 + nl/no) + T (p /p ) ,  may be simplified in this 
Po "0 1 0 

limit for two special cases. 

Case 1: When the recombination level (ET) is closer to a band edge 

than the Fermi level (EF), either 

and 

where 

where NC and N are the conduction and valence band carrier densities. v 
Forcing the Fermi level below the recombination level contributes an 

exponential factor to the lifetime temperature dependence. 

Case 2: When the Fermi energy is well above the recombination 

center level, 



The temperature dependence of T is found in terms containing T 
Po ' 

T no, nl, pl, and n The tern no is known, however, and can be extracted 0 ' 
from the data. The temperature dependences of T and T are exhibited p 0 no 
through the thermal velocity, Vth, of the carriers and the capture cross 

section, 0, where 

and 

and where N is the concentration of recombination centers. R 

Theoretical work on the temperature dependence of the cross section 

for neutral and attractive recombination centers has been performed by 

Lax. (I8) A brief summary of the theory is given in Ref. 19. Figure 6 

gives the temperature dependence for the cross sections of the singly 

charged attractive center and the neutral center. 

5.5. MINORITY-CARRIER LIFETIME MEASUREMENTS 

The experimental study of the effects of radiation and annealing 

on the minority-carrier lifetime was performed with both highly lithium- 

diffused and lightly lithium-diffused n-type silicon. The highly lithium- 

diffused silicon was lithium diffused by the paint-on technique. Its 

room temperature resistivity was about 0.4 ohm-cm. The lightly lithium- 

diffused silicon was lithium-diffused by the bath technique and had a 

room temperature resistivity near 11 ohm-cm. 

It was anticipated that the two-order-of-magnitude difference in 

lithium concentration in the two types of samples would produce different 
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Fig. 6. Recombination cross section in silicon versus temperature 



degradation and annealing results. It was also anticipated that the 

temperature dependence of the preirradiation, postirradiat ion-preanneal ,  

and postanneal lifetime for the two different resistivities would help 

determine the nature of the recombination centers. 

During the experimental study of the minority-carrier lifetime, 

30-MeV electrons and fission neutrons were used as the irradiating 

particles. The use of electrons and neutrons produces both point defects 

and cluster damage, two types of damage produced by space irradiation. 

5.5.1. 30-MeV Electron Irradiations of Highlv Lithium-Diffused Silicon 

5.5.1.1. Preirradiation Measurements. The study of the highly lithium- 

diffused silicon was performed mainly to check the reproducibility of 

data obtained in previous measurements. During the previous work, 

the samples were lithium-diffused by sources outside of GGA, whereas 

the samples used during the present contract were diffused at GGA. The 

temperature dependence of the conductivity of the 0.4-ohm-cm sample is 

shown in Fig. 2. The room temperature resistivity. indicates a lithium 
-3 (7) The low-injection-level (less than 1%) density of 1.5 x 1016 cm . 

room temperature minority-carrier lifetime, measured by the photoconductivity 

decay technique, was 4.5 vsec. 

The temperature dependence of the preirradiation minority-carrier 

lifetime(') indicates that the recombination center in the highly lithium- 

diffused silicon was deeper in the gap than about 0.17 eV from either 

band edge. 

5.5.1.2. Degradation. The degradation of the minority-carrier lifetime 

as a function of electron fluence was measured at 300°K. This datum 

is plotted in Fig. 7. The lifetime degradation can best be described 

in terms of the degradation constant, K, which is defined from 



2 
FLUENCE (10'~ e-cm ) 

Fig. 7. Inverse lifetime versus fluence for the 0.4-ohm-cm, lithium-diffused 
n-type silicon irradiated with 30-MeV electrons at room temperature 



where T is the lifetime prior to irradiation and T is the lifetime 0 
after a fluence 4 .  The lifetime degradation constant for this material 

2 -7 2 for fluences of approximately 1013 elcm is 1.8t0.3 x 10 cm /e-sec. 

This degradation constant is about twice as large as observed for non- 

lithium-diffused silicon of equivalent resistivity. The first three 

irradiations are shown in Fig. 7. The fourth irradiation, to 4 x 10 
14 

Z 
e/cm , was much larger than the first three. At the end of the fourth 

irradiation, the lifetime was too short to measure by the photoconductivity 

decay method. 

5.5.1.3. Annealing. After the sample was degraded to about 0.5 ysec 

in each of the first three irradiations, it was annealed at 370°K for 

30 min. This annealing schedule, which was selected from the previous 

results (I) on highly lithium-dif fused silicon, was found to completely 

anneal all the damage apparent at room temperature; i.e., the lifetime 

returned to its preirradiation value. The effectiveness of this schedule 

in annealing all the damage was in agreement with previous results. (1) 

The lifetime returned to its preirradiation value after each of 
2 the first three irradiations of about 1013 e/cm . However, following 

the fourth irradiation of 4 x 1014 e/cm2 and anneals of 30 min at 

370°K and 30 min at 420°K, the 300°K lifetime returned to about 1.6 ysec. 

After this annealing, only a recombination lifetime was observed and no 

trapping was observed. 

5.5.1.4. Analysis and Conclusions. The increased degradation constant 

of heavily lithium-diffused silicon relative to the degradation constant 

of non-lithium-diffused silicon is interpreted to indicate that the 

presence of lithium is effective in the production of recombination 

centers in lithium-diffused silicon. These recombination centers 

either contain lithium or are affected in their production by lithium. 



The annealing of the recombination centers in lightly irradiated 

heavily diffused silicon is complete; i.e., all the recombination centers 

are annealed. The annealing times are consistent with previous results. (1) 

However, after extended fluences, the annealing of the recombination 

centers is not complete; i.e., not all the recombination centers have 
2 annealed. For example, after the electron fluence of 4 x 1014 e/cm , 

the room temperature lifetime recovered to 1.6 psec. The lifetime before 

irradiation was 4.5 psec. 

The density of unannealed irradiation-produced recombination centers 

can be calculated from the following equation: (20) 

where NDT is the recombination center density after anneal to temperature 

T and ND is the density of recombination centers introduced by irradiation, 

'r is the lifetime before irradiation, 'r is the lifetime after irradiation, 0 f 
and 'r is the lifetime af ter an anneal at temperature T. All measurements T 
are made at the same temperature. 

2 After the extended electron fluence of 4 x 1014 elcm , only 80% 
of the recombination centers had annealed. This implies that the 

previous irradiation history of the samples is important. 

Of major interest in the study of the highly lithium-diffused 

silicon is the fact that samples which receive initially small electron 

fluences completely anneal, while samples which receive initially large 

fluences do not completely anneal. There are at least two possible 

reasons for this difference in annealing: (1) lithium, which is assumed 

to do the annealing, is depleted in the production of defects and the 



annealing process and is therefore not available to produce further 

annealing; and (2) the nature of the recombination center which is 

effective at 300°K changes. 

5.5.2. 30-MeV Electron Irradiations of Lightly Lithium-Diffused Silicon 

5.5.2.1. Preirradiation Measurements. An investigation of the response 

of lightly diffused 11-ohm-cm (no = 4.5 x 1014 ~ m - ~ )  silicon to 30-MeV 

electron irradiation was undertaken to test the supposition that the 

production and anneal of recombination centers depend on the lithium 

concentration and that extended irradiations and repeated anneals would 

deplete the active lithium initially present. Such depletion would 

eventually inhibit further degradation and annealing. Furthermore, the 

use of lightly diffused silicon would permit the Fermi level to move 

over a greater portion of the energy gap during the temperature cycling 

from 100 to 400°K than was the case for the heavily lithium-diffused 

silicon. The analysis of the temperature dependence of the minority- 

carrier lifetime for the lightly diffused silicon would permit the 

determination of the nature and position of recombination centers deeper 

in the energy gap than for heavily lithium-diffused silicon. 

The minority-carrier lifetime temperature dependence was studied 

before and after irradiation and before and after annealing in order to 

determine the energy levels of the radiation-induced recombination 

centers and their annealing kinetics. 

The preirradiation electrical conductivity of this 11-ohm-cm material 

is shown in Fig. 3. Figure 8 shows a typical preirradiation minority- 

carrier lifetime plotted versus 1000/T. In most cases, we could not 

account for the observed lifetime with the Shockley-Read (I6) theory 

for one recombination center. The inverse temperature dependence was 

not exponential as expected for a center between the Fermi level and 

a band edge, but it was too severe to be explained by either a neutral 

or singly charged attractive center located deeper in the gap than the 

Fermi level. 



Fig. 8. Preirradiation minority-carrier lifetime versus 1000/T for lithium- 
diffused n-type silicon 

3 0 



In addition, a slight discontinuity is apparent in the inverse 

temperature-dependence curve near 1000/T = 4.5. Therefore, a two- 

recombination center model (schematically indicated in Fig. 9) was 

proposed to account for the preirradiation lifetime observed for ll-ohm-cm 

samples. In this material, the Fermi level varies from about 0.1 eV 

at 100°K to about 0.35 eV at 400°K. If there are N(1) recombination 

centers about 0.17 eV below the conduction band edge and N(2) centers 

deeper than 0.35 eV from either band edge, the Fermi level is always well 

above the deeper center and crosses the shallow center at an intermediate 

temperature near 200°K. At all temperatures, the lifetime (see Section 5.4) 

due to the deep center is 

Similarly, at temperatures below about 200°K, the lifetime due to N(1) 

centers located at about Ec - 0.17 eV is 

but above about 250°K, level (1) is well above the Fermi level and 

where 
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F i g .  9 .  Proposed energy l e v e l  scheme f o r  l i g h t l y  d i f f u s e d  s i l i c o n  b e f o r e  
i r r a d i a t i o n  



The observed lifetime is then expected to be 

-1 - 1 T = ~(1) + T(2)-' 

due to recombination through both centers. Below about 200°K, both 

~ ( 1 )  and ~(2) are of the form T = (NVO)-', so the composite lifetime is 

-1 - 1 
T = ~(1) + r(2)-'= N(l)vo(l) +~(2)vo(2) (16) 

Above about 200 to 250°K, ~ ( 1 )  begins to increase exponentially. Since 

the observed lifetime is 

above 200 to 250°K it is dominated by the shorter lifetime ~(2). The 

solid line through the data in Fig. 8 is predicted by the above two- 
11 -3 

center model with N(1) = 10 cm centers near E - 0.17 eV and N(2) = 
10 -3 C 

7 x 10 cm attractive centers more than 0.35 eV from the band edge. 

The preirradiation lifetime-temperature dependence of all the 11-ohm-cm 

samples seemed to fit this two-lifetime model for recombination center 
11 -3 densities ranging from 5 x 10'~ to 1.2 x 10 cm . Similar lifetime- 

temperature dependences have been observed in other samples in this 

laboratory and in p-type silicon by other investigators. (21) 

The most distinguishing characteristic of the two-center model is 

a break in the inverse temperature-dependence curve between temperature 

regions dominated by one or the other center. For all the low-lithium- 

density samples, this break occurred near 1000/T = 4.5 (200 < T < 250°K). 

5.5.2.2. 300°K Degradation and Annealing. Four samples were irradiated 

at 300°K, two samples were irradiated at 115"K, and one sample was ir- 

radiated at 200 and 250°K. The irradiation temperature dependence of 

the lifetime degradation rate was investigated from 115 to 300°K. 



Figures  10 and 11 show t h e  degradat ion of l i f e t i m e  a t  300°K ve r sus  

e l e c t r o n  f luence  f o r  two samples which were degraded and annealed a 

number of t imes. These samples were damaged by 4.5-psec Linac pu l se s  
11 2 

a t  f l uences  ranging from 0.8 t o  2.5 x 10 e/cm -pulse.  Figure 12 shows 

t h e  minor i ty -ca r r i e r  l i f e t i m e  temperature dependence f o r  a sample be fo re  

and a f t e r  i r r a d i a t i o n  a t  300°K. The i n i t i a l  300°K degradat ion cons t an t s  
-8 2 f o r  t h e s e  samples were found t o  be 5.0t2.0 x 10 cm /e-sec f o r  f l uences  

2 
up t o  1013 e/cm . It would appear from Fig. 10 t h a t  t h e  degrada t ion  

2 r a t e ,  f o r  f l uences  g r e a t e r  than  about 1013 e m  , decreases ,  approaching 
2 3 x cm /e-sec. The unce r t a in ty  of t h e  degradat ion r a t e  determined 

from t h e s e  measurements is  r a t h e r  d i sappoin t ing .  However, i t  i s  c l e a r  

( see  Fig.  13) t h a t  the degradat ion r a t e  a t  300°K f o r  t h i s  l i g h t l y  d i f fused  

s i l i c o n  i s  nea re r  the  degradat ion r a t e  f o r  non-lithium-diffused s i l i c o n  
2 

(K = 6k2 x cm /e-sec) of t he  same r e s i s t i v i t y  than  t o  t he  r a t e  f o r  
2 

h ighly  l i thium-dif  fused s i l i c o n  (K = 1.5k0.3 x cm /e-sec) . These 

d a t a  confirm previous observa t ions  t h a t  the  degradat ion r a t e  does depend 

on t h e  i n i t i a l  l i t h ium concent ra t ion .  

5.5.2.3.  Radiation-Induced Recombination Centers .  Af te r  i r r a d i a t i o n  t o  

f luences  of about 1012 e/cm2 (30 MeV), two samples were immediately 

cooled t o  115"K, and the  low-inject ion-level  p o s t i r r a d i a t i o n  minori ty-  

c a r r i e r  l i f e t i m e  was then measured a s  t h e  sample was gradual ly  warmed 

t o  about 310°K. It is assumed t h a t  n e g l i g i b l e  anneal ing took p l ace  

during these  measurements a t  reduced temperatures.  Figure 12 shows t h i s  

postirradiat ion-preanneal  l i f e t i m e ,  which can b e  a t t r i b u t e d  t o  recombina- 

t i o n  through both  the  radiat ion-induced recombination cen te r s  and t h e  

recombination c e n t e r s  present  before  i r r a d i a t i o n .  The con t r ibu t ion  t o  

t h e  measured l i f e t i m e  due only t o  the  radiat ion-induced recombination 

c e n t e r s  can be determined from 
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FLUENCE (X 1013 ./an ) 

Fig. 10. Inverse lifetime versus 30-MeV electron fluence for 11-ohm-cm, 
lithium-diffused n-type silicon sample 



15-MINUTE ANNEAL 

30-MINUTE ANNEAL 

Fig. 11. Degradation of lifetime versus 30-MeV electron fluence for 11-ohm-cm, 
lithium-diffused n-type silicon 



Fig. 1 

Q P R E l R R A D l A T l O N  

A POSTIRRADIATI?N-PREANNEAL 
+ = 9 x 10 e/crn2 

0 POST I RRAD I AT I ON-POSTANNEAL 

- TtiEORY (TWO RECOMB 1 N A T  1 ON 
CENTER MODEL) 

.2. Inverse temperature dependence of minority-carrier lifetime in an 
11-ohm-cm lithium-diffused silicon sample exposed to 30-MeV elec- 
trons at 300°K 



Fig .  13 .  L i f e t i m e  d e g r a d a t i o n  c o n s t a n t  v e r s u s  m a j o r i t y - c a r r i e r  c o n c e n t r a t i o n  
f o r  FZ and QC n-type s i l i c o n  i r r a d i a t e d  w i t h  30-MeV e l e c t r o n s  a t  
300°K ( t h e o r y  c u r v e  based  on a n a l y s i s  of work performed under  
a p r e v i o u s  c o n t r a c t  



where T is the measured postirradiat ion-preanneal  lifetime, T is the 0 
preirradiation lifetime, and T~ is the lifetime due to the radiation- 

induced recombination centers. 

After the postirradiat ion-preanneal  data had been obtained, samples 

were isothermally annealed for 112 to 1 hr at temperatures between 385 

and 400°K. 

Figure 12 shows the inverse temperature dependence of minority- 

carrier lifetime after a 300°K irradiation to 9 x 10" e/cm2 and an 

isothermal anneal at 385°K for 1 hr. It is apparent from this plot 

that the anneal was not complete. In fact it appears that no increase 

in the postanneal lifetime occurred at temperatures below about 200°K 

(1000/T = 5). These results are qualitatively confirmed by a similar 

experiment (see Fig. 14) in which a similar sample was irradiated at 

300°K to 1.1 x 1012 e/cm2 and measured before and after a 30-min anneal 

at 400°K. Assuming the postirradiation-postanneal lifetime is due to 

unannealed radiation-induced recombination centers and the unaltered 

recombination centers present before irradiation, the contribution (T') 

of the unannealed radiation-induced recombination centers to the measured 

lifetime (T) can be determined as before from 

Similarly, the lifetime due to those centers which were annealed 

may be determined from 

- - - l/Tpostanneal ' 
'lTannealed 'lTpreanneal 

centers 

Attempts were made to analyze the lifetimes of the radiation-induced 

and annealed recombination centers according to the Shockley-Read theory. 



0 PREIRRADIATION 

0 POSTIRRADIATIOY - PRE9NNEAL 
4 = 1-1 x 10 e/CM 

A AFTER 30-MINUTE ANNEAL AT 400'~ 

- THEORY - TWO RECOMBINATION CENTER 
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Fig .  14.  I n v e r s e  t empera tu re  dependence o f  l i f e t i m e  b e f o r e  and a f t e r  i r r a d i -  
a t i o n  w i t h  30-MeV e l e c t r o n s  t o  a f l u e n c e  of 1.1 x 1012 e/cm2 and 
b e f o r e  and a f t e r  30-min a n n e a l  a t  400°K 



Unfortunately, the experimental uncertainty of the minority-carrier life- 

time data, as indicated by the scatter of the data in Fig. 12, prohibits 

an unambiguous determination of the energy level(s) and charge state(s) 

of the radiation-induced and annealed recombination centers by this sort 

of analysis alone. However, when these data are compared with some 

other experimental observations, a feasible model is suggested. 

Other investigators, (22 y 23) using injection level and photoconductivity 

measurements, have noted the introduction of a deep (E - 0.4 eV) defect 
C 

level with 1- to 2-MeV electron irradiations, and the subsequent dis- 

appearance of this level upon annealing at 300°K. Our measurements 

indicate a significant increase in the observed lifetime at temperatures 

above about 200°K after annealing at 380 to 400°K. However, we observe 

no significant change in the low-temperature lifetime after this anneal. 

The postulate which seems most consistent with these observations and which 

best fits our data is that 30-MeV electron irradiations of 11-ohm-em, 

lithium-diffused high-purity silicon produces two recombination centers. 

One of these centers is in the vicinity of E - 0.17 eV and does not 
C 

significantly anneal in 30 to 60 min at 380 to 400°K. The other center 

is deeper than 0.35 eV and is significantly reduced by the same annealing 

schedule. It is not presently known how these centers are related to 

the centers thought to control the preirradiation lifetime. The present 

minority-carrier lifetime measurements are not precise enough to dis- 

tinguish the charge state of these defects. The solid curves through the 

postirradiation, preanneal, and postanneal data in Fig. 12 were calculated 

from this two-center model assuming radiation-induced defect densities from 

about 3 x 10'~ to about 4 x 10 ~ m - ~ ,  depending on whether the defect 

was assumed to be neutral or attractive. 

After the irradiated sample represented in Fig. 12 had been stored 

for 10 and 31 days at room temperature (300°K), the minority-carrier 

lifetime temperature dependence was remeasured as shown in Fig. 15. In- 

spection of Fig. 15 reveals considerable room temperature annealing has 



0 P R E l R R A D l A T l O N  
POSTIRRADIATION-PREANNEAL 

A A F T E R  2 5 0  HOURS A T  3 0 0 ' ~  

0 A F T E R  750 HOURS A T  3 0 0 ' ~  
-----. THEORY - - -  SMOOTH CURVE THROUGH DATA 

Fig. 15. Inve r se  temperature  dependence, T, of mino r i t y - ca r r i e r  l i f e t i m e  i n  
11-ohm-cm l i th ium-di f fused  s i l i c o n  before  and a f t e r  i r r a d i a t i o n  t o  
30-MeV e l e c t r o n s  and a f t e r  approximately 250-hr anneal  a t  about 300°K 



occurred even in the 115 to 200°K temperature range (1000/T > 5). This 

result contrasts with the results of a 1-hr, 385 to 400°K anneal (shown 

in Figs. 12  and 14), where the low-temperature lifetime (lOOO/T > 5) was 

virtually unaffected. Comparison of Figs. 12 and 14 with Fig. 15 suggests 

that the lifetime of electron-irradiated float-zone silicon is due to 

at least two recombination centers: a deep one which controls carrier 

recombination above 1000/T Q 5, and a shallow one which dominates the 

recombination below 1000/T Q 5. Short (30- to 60-min) excursions to 

high (380 to 400°K) temperatures apparently reduces the density of 

the deeper center. Long periods at moderate temperatures (300°K) 

apparently anneal both centers. Isothermal and isochronal anneal data 

taken on these and more highly diffused samples suggest first-order 

annealing kinetics above about 360°K. At these temperatures, the lifetime 

is controlled by the deeper center. Such behavior suggests a single-stage 

annealing process. The shallow center does not significantly anneal 

during this process but anneals appreciably during extended storage at 

room temperature, perhaps suggesting a multistage annealing process. 

5.5.2.4. Large Electron Fluences. When 11-ohm-cm samples were irradiated 
2 

at room temperature to fluences approaching 1014 e/cm and annealed, 

a trapping center was observed. Figure 16 shows postirradiation and 

anneal lifetime temperature dependences. The trapping center was 

apparent as a photodecay signal whose time constant increased with 

decreasing temperature. The amplitude of this signal was reduced in 

the presence of steady illumination, and no annealing of this trapping 

center was observed after holding one sample at 430°K for 66 hr. It 
4 may be significant that a trapping center is observed in the 10 -ohm-cm 

float-zone silicon (from which these samples were produced) after ir- 
2 (17) radiation at room temperature to fluences of 8.2 x 10'~ e/cm . 

Further study of this trapping center was prohibited by contacts which 

became rectifying at low temperatures. 
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Fig. 16. Inverse temperature dependence of lifetime of 11-ohm-cm silicon 



If the operation of the device is affected by the presence of 

trapping, special attention must be given to the introduction of traps 

with large electron fluences, especially since the traps do not anneal 

even in lithium-diffused n-type silicon. 

5.5.2.5. Isothermal Anneals. After decreasing the minority-carrier 

lifetime at room temperature, samples were isothermally annealed for 

112 to 1 hr at temperatures ranging from 380 to 400°K. The minority- 

carrier lifetime was monitored during the anneal. Because the lifetime 

at a particular temperature is inversely proportional to the recombination 

center density, the unannealed fraction of total defects as a function 

of annealing time was determined using Eq. (10)(see Fig. 17). 

Since the isothermal annealing data displayed in Fig. 17 represent 

first-order annealing kinetics, one may calculate an activation energy 

and frequency factor. (20) For first-order kinetics, the recombination 

center density, N(T,t), at temperature T and time t is 

N(T,t) = No exp [-R(T)t] , (21) 

where N is the initial recombination center density. The temperature- 0 
dependent rate constant, R ( T ) ,  is 

where V is the effective frequency factor and E is the activation e 
energy. From the above, one may compute a temperature-dependent annealing 

time 



ANNEAL T l ME (MINUTES) 

Fig. 17. Isothermal anneal of recombination centers in 11-ohm-cm,lithium- 
diffused n-type silicon irradiated with approximately 1 to 5 x 1012 
30-MeV electrons 



The r e s u l t s  of t h i s  c a l c u l a t i o n  a r e  d isp layed  i n  F ig .  18 toge ther  wi th  

t h e  equiva len t  r e s u l t s  f o r  l o w - r e s i s t i v i t y ,  l i thium-diffused f loa t -zone  

(FZ) s i l i c o n .  The s i m i l a r i t y  i n  s lope  i n d i c a t e s  t h a t  t h e  a c t i v a t i o n  

energ ies  a r e  s i m i l a r  (E r 0.7550.1 eV) f o r  t h e  f loat-zone ma te r i a l s .  The 

v e r t i c a l  o f f s e t  r e s u l t s  from d i f f e r e n t  e f f e c t i v e  frequency f a c t o r s .  This  

i s  cons i s t en t  wi th  the  idea  t h a t  t he  anneal  i s  due t o  l i t h ium d i f f u s i n g  

t o  t h e  radiat ion-induced recombination cen te r :  t h e  g r e a t e r  t he  l i t h i u m  

concent ra t ion ,  t h e  s h o r t e r  t h e  migratory path and t h e  s h o r t e r  the  annea l ing  

time. The comparison wi th  the  qua r t z  c r u c i b l e  (QC) m a t e r i a l  is d iscussed  

i n  Ref. 1. From these  isothermal  s t u d i e s ,  i t  i s  evident  t h a t  t he  anneal ing 

r a t e  depends on the  amount of l i t h ium and oxygen p re sen t  i n  t h e  s i l i c o n .  

I n  gene ra l ,  t he  g r e a t e r  t he  concent ra t ion  of f r e e  l i th ium,  t h e  f a s t e r  

t h e  anneal ing r a t e .  

5.5.2.6.  I r r a d i a t i o n  Temperature Dependence. The in t roduc t ion  of t e m -  

perature-dependent d e f e c t s  bel ieved t o  be due t o  t h e  i r r a d i a t i o n  pro- 

duc t ion  and subsequent temperature-control led sepa ra t ion  of metas tab le  

close-spaced vacancy i n t e r s t i t i a l s  has  been observed i n  s i l i c o n  i r rad i -a ted  

a t  temperatures below about 125°K wi th  low-energy e l ec t rons  (E S 2 MeV) (24-26) 

and X-rays. (27)  Temperature-independent d e f e c t s  introduced by t h e s e  

i r r a d i a t i o n s  a r e  observed t o  anneal  near  200°K. The 11-ohm-cm l i th ium-  

d i f fused  sample shown i n  Fig. 12 was a l s o  i r r a d i a t e d  a t  115"K, fo l lowing  

which i t  was he ld  a t  200°K f o r  1 h r .  No inc rease  i n  l i f e t i m e  during t h e  

200°K anneal  was observed i n  e i t h e r  of two 11-ohm-cm samples i r r a d i a t e d  

a t  115°K wi th  30-MeV e l e c t r o n s .  Within t h e  unce r t a in ty  of our measurements, 

t h e  recombination c e n t e r  i n t roduc t ion  r a t e  was t h e  same f o r  i r r a d i a t i o n s  

a t  115, 200, 250, and 300°K, with measurements made a t  115OK. This  r e s u l t  

i s  p red ic t ab le  f o r  two reasons.  F i r s t ,  t h e  i n t roduc t ion  of i r r a d i a t i o n -  

induced temperature-dependent d e f e c t s  due t o  t h e  competing, thermally 

a c t i v a t e d  processes  of v a c a n c y - i n t e r s t i t i a l  s epa ra t ion  and recombination 

i s  gene ra l ly  only weakly apparent  a t  temperatures  a s  high a s  115°K. Second, 

t he  i r r a d i a t i o n  temperature-dependent process  i s  thought t o  r e q u i r e  c lo se ly  

spaced v a c a n c y - i n t e r s t i t i a l  p a i r s .  Both c l u s t e r s  and poin t  de fec t s  a r e  

produced by high-energy (30-MeV) e l e c t r o n  i r r a d i a t i o n s ,  and only a  f r a c t i o n  

of t he  po in t  d e f e c t s  a r e  of the  app ropr i a t e  type .  



11 OHM-CM 

Fig. 18. Annealing time of lithium-diffused n-type silicon as a function of 
inverse temperature after 30-MeV electron irradiation 



The above results indicate that at low fluences, the recombination 

center introduction rate is independent of irradiation temperature from 

115 to 300°K. However, the minority-carrier lifetime degradation constant, 

K, measured at the irradiation temperature does depend on temperature, 

because the minority-carrier thermal velocity and the radiation-induced 

recombination center capture cross section depend on temperature. That 

is, if the radiation-induced recombination center density, ND, introduction 

rate is a temperature-independent constant, C, so that ND = CQ, and the 

preirradiation lifetime is 

then after irradiation to a fluence Q, the lifetime will be 

where o is the capture cross section of the radiation-induced centers. D 
Calculation of the minority-carrier lifetime degradation rate, K = 

(1/r - 1/.r0)/Q, yields K = CvoD. Figure 19 shows the degradation constants 

measured at 115, 200, 250, and 300°K. 

It is evident that the degradation constant increases with de- 

creasing temperature, and it is possible to predict the degradation 

constant at any temperature if the temperature dependence of v and o 
D 

are known. 

5.5.2.7. Conclusions. Based on the analysis of the change in minority- 

carrier lifetime in 11-ohm-cm lithium-diffused silicon, the following 

observations can be made: 

1. The initial preirradiation lifetime is due to at least two 

centers. The temperature dependence indicates that one center 

is near E - 0.17 eV, and that the other is an attractive 
C 

center deeper than 0.35 eV from either band edge. 



Fig. 19. Minority-carrier lifetime degradation constant for lithium-diffused 
silicon versus temperature of irradiation and measurement 



2. At least two kinds of recombination centers are introduced 

in this material by the 30-MeV electron irradiation, one 

dominant at temperatures above 150 to 200°K and the other 

dominant below 150 to 200°K. 

3. The dominant post i r radia t ion-preanneal  center at low tem- 

peratures has an energy level near E - 0.17 eV. 
C 

4. The dominant postirradiat ion-preanneal  center at high tem- 

peratures is deeper than 0.35 eV from either band edge. 

5. The low-temperature center is not significantly annealed 

in 1 hr at 390°K for the lithium density in this material 

but appears to anneal, at least partially, over long periods 

at room temperature and to anneal completely in more highly 

diffused samples. 

6. The high-temperature center is significantly annealed by 

the presence of lithium for the lithium densities present 

in this material. 

7. The high-temperature center affects the lifetime very 

similarly to the center introduced in high-purity, non- 

lithium-diffused silicon. (I7) This suggests that either 

(a) this center is the same in lithium-diffused and non- 

lithium-diffused silicon and, hence, probably does not 

contain lithium (although its introduction rate and an- 

nealing properties may be affected by lithium), or (b) 

this center and the one in the non-lithium-diffused 

silicon are different but have very similar recombination 

properties. However, there is no definite information 

on the nature of either the high-temperature or low- 

temperature center in this material. 



8. Successive irradiations and anneals could shift the low- 

temperature portion of the curve downward and to higher 

temperatures. Thus, at some fluence, the dominant low- 

temperature center might become dominant at room tem- 

perature, perhaps changing the subsequent room temperature 

damage constants and annealing characteristics. 

9. No irradiation temperature dependence of the recombination 

center introduction rate for 30-MeV electrons in the 115 

to 300°K temperature range was observed. 

10. The minority-carrier lifetime degradation constant for 

lithium-diffused samples irradiated and measured at 300°K 

is an order of magnitude smaller than that for samples 

irradiated and measured at 115°K. 

5.5.3. Neutron Irradiations 

Neutron irradiation of lithium-diffused silicon is of interest 

because of the nature of defects produced by neutrons. Neutrons are 

known to produce mainly clustered defects, and the introduction of 

these defects is independent of the impurities present in the silicon. 

Annealing experiments on neutron-irradiated n-type silicon containing 

ordinary oxygen concentrations and arsenic and phosphorus concentrations 

below 6 x 1014 have indicated insignificant impurity dependence. (28) 

5.5.3.1. Preirradiation and Degradation. Two identical 3.7-ohm-cm 
4 samples (designated a and b) were made from 10 -ohm-cm, float-zone 

n-type silicon by the lithium-tin bath technique. Figures 20 and 21 

show the preirradiation and postirradiation conductivity versus 1000/T 

for these samples. Preirradiation minority-carrier lifetime (T) was 



Fig. 20. Preirradiation and postirradiation conductivity versus 1000/T for 
sample a 



Fig. 21 . Preirradiation and postirradiation electrical conductivity versus 
1000/T for sample b 



measured by p h o t o c o n d u c t i v i t y  decay and s t e a d y - s t a t e  p h o t o c o n d u c t i v i t y  

t echn iques  a s  d e s c r i b e d  i n  S e c t i o n s  5 . 2 . 1  and 5 .2 .2 .  During i r r a d i a t i o n ,  

T was moni tored by t h e  s t e a d y - s t a t e  t echn ique  where T = ~ l A v / v l .  A s  w i t h  

t h e  11-ohm-cm samples ,  t h e  p r e i r r a d i a t i o n  l i f e t i m e  (shown i n  F i g .  22) 

can  b e s t  b e  e x p l a i n e d  by assuming two recombinat ion c e n t e r s ,  one a t  

E - 0.17 eV and t h e  o t h e r  deeper  t h a n  0.35 eV. The s o l i d  c u r v e  i n  
C 11 -3 

F ig .  22 r e p r e s e n t s  t h e  l i f e t i m e  f o r  1 . 2  x 1 0  cm sha l low and 1 . 2  x 10 
11 

- 3 cm deep c e n t e r s .  

These samples were s u b j e c t e d  t o  n e u t r o n  i r r a d i a t i o n s  a t  G G A ' s  APFA 

f a c i l i t y .  The APFA was run  i n  t h e  con t inuous  mode a t  a  n e u t r o n  f l u x  of 
7 2  

6 . 2  x  1 0  neutrons/cm -sec .  F luences  were measured by e x t r a p o l a t i o n  based 

on s u l f u r  p e l l e t  dosimetry .  Sample a  was i r r a d i a t e d  a t  273°K and sample 
, 

b a t  302°K. Sample a  had a n  i n i t i a l  273°K l i f e t i m e  of 30 p s e c ;  t h i s  

v a l u e  was reduced t o  about  5  y s e c  by a f l u e n c e  of 2.25 x  101° n/cm2. The 

sample was i s o c h r o n a l l y  annealed f o r  5-min p e r i o d s  a t  t empera tu res  up 

t o  411°K, degraded a g a i n ,  and i s o t h e r m a l l y  annealed a t  411°K. F i g u r e  

23 i s  a p l o t  of 1 / ~  v e r s u s  f l u e n c e  f o r  sample a .  B e t t e r  t h a n  90% of t h e  

damage i n t r o d u c e d  by t h e  f i r s t  i r r a d i a t i o n  was annea led .  Apparen t ly ,  

a l l  t h e  damage i n t r o d u c e d  by t h e  n e x t  two i r r a d i a t i o n s  was annea led .  
-6 2  

The d e g r a d a t i o n  c o n s t a n t  w a s  found t o  be  6.4'0.4 x  10 cm In-sec  and 

is  independent  o f  t h e  t o t a l  f l u e n c e  up t o  4 = 6.75 x  l o l o  n/cm2. T h i s  

c o n s t a n t  i s  a l s o  a lmost  t h e  same as t h a t  observed i n  non- l i th ium-d i f fused  

s i l i c o n ,  (29)  which is c o n s i s t e n t  w i t h  t h e  l a c k  of i m p u r i t y  dependence 

f o r  n e u t r o n  damage. (30) 

I n  a n  e f f o r t  t o  d e t e c t  l i t h i u m  d e p l e t i o n ,  sample b  was s u b j e c t e d  

t o  h igher - f luence  n e u t r o n  i r r a d i a t i o n s .  The sample was i r r a d i a t e d  a t  

room tempera tu re  (T = 302°K) t o  de te rmine  whether  t h e  d e g r a d a t i o n  

c o n s t a n t  was a  s t r o n g  f u n c t i o n  of t empera tu re .  The i n i t i a l  room 

t e m p e r a t u r e  l i f e t i m e  of approx imate ly  30 y s e c  was degraded t o  about  2  p s e c  
2  

by a  f l u e n c e  of 4.5 x 10'~ n/cm . The d e g r a d a t i o n  c o n s t a n t  a t  302OK was - 

-6 2  
found t o  be  K = 6.4'0.4 x  1 0  cm /n-sec,  t h e  same d e g r a d a t i o n  r a t e  found 
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Fig. 22. Preirradiation and postirradiation minority-carrier lifetime versus 
1000/T for neutron-irradiated 3.7-ohm-cm sample a 



Fig. 23. Degradation of inverse lifetime as a function of fluence 



f o r  sample a a t  273°K and very nea r ly  t he  same a s  f o r  phosphorus-doped 

f loat-zone s i l i c o n  (K = 5.8 x lom6) of equiva len t  r e s i s t i v i t y .  (29) Figure 

24 i s  a p l o t  of t h e  inve r se  l i f e t i m e  versus  f luence  f o r  sample b .  Four 

i r r a d i a t i o n s  a r e  represented ,  t h r e e  t o  f luences  of 4.5 x 10" nlcm 
2 

2 
and one t o  0 - 1 . 3  x 10" n/cm . Between t h e  f i r s t  and second i r r a d i a t i o n s ,  

t h e  sample was i sochronal ly  annealed a t  temperatures up t o  440°K. During 

t h i s  per iod ,  about 90% of t h e  radiat ion-induced damage was annealed. 

Half of t h e  remaining 10% may be due t o  a r eve r se  anneal  which was 

apparent  a t  T > 420°K. Af t e r  t h e  o t h e r  i r r a d i a t i o n s ,  t h e  sample was 

i so thermal ly  annealed a t  T = 411°K. The degradat ion cons tan t  was 
-6 2 6.4'0.4 x 10 cm /n-sec f o r  a l l  i r r a d i a t i o n s  except t h e  f i n a l  and 

2 
l a r g e s t  one, i n  which, a t  0 > 5 x 10" n m  , t h e  degradat ion cons tan t  

decreased;  a f t e r  t he  f i n a l  10-min anneal  a t  410°1<, t h e  sample recovered 

only 40% of i ts  i n i t i a l  l i f e t i m e .  Nevertheless ,  t h i s  corresponds t o  

an anneal  of more than 90% of t h e  radiation-induced d e f e c t s  a f t e r  a 
2 

t o t a l  f luence  of (I ;r 3.3 x 10" n/cm . Furthermore, a f t e r  2 days a t  

room temperature,  t h e  room temperature l i f e t i m e  had apparent ly  f u r t h e r  

recovered. 

5.5.3.2. Isothermal  Anneal. Sample a was i so thermal ly  annealed a t  393 and 

411°K. Again, t he  sample was r a p i d l y  heated ( t  < 60 sec )  t o  t h e  annea l  

temperature and he ld  t h e r e  u n t i l  changes i n  t he  minor i ty -ca r r i e r  l i f e t i m e  

( exh ib i t ed  a s  AV/V) were observed t o  cease.  The annealed f r a c t i o n  of 

annea lab le  de fec t s  i s  defined a s  

where Nm i s  t h e  number of d e f e c t s  a f t e r  anneal ing is  complete, N is  the  
t 

number of d e f e c t s  a t  any time t ,  and N is the  number of d e f e c t s  immediately 
0 

a f t e r  i r r a d i a t i o n .  Since t h e  number of d e f e c t s ,  i n  t h i s  case  recombination 

c e n t e r s ,  is  r e l a t e d  inve r se ly  t o  t h e  minor i ty -ca r r i e r  l i f e t i m e ,  t he  

annealed f r a c t i o n  can be w r i t t e n  a s  



Fig. 24. Inverse lifetime versus neutron fluence for sample irradiated and measured at room temperature 



and when the steady-state photoconductivity is measured, 

Figure 25 shows the annealed fraction of annealable defects as a 

function of time. Assuming first-order kinetics, one may determine the 

activation energy and the effective atomic frequency factor from any two 

isothermal anneals. The linearity of Fig. 25 is evidence that the annealing 

kinetics are, indeed, first order. 

For sample a, the isothermal anneal data indicate that E = 0.66k0.03 eV 
/ 

and Ve = 0.4f0.2 x 10 sec-'. These results yield an activation energy 

close to that of lithium diffusion in the silicon lattice.(31) The atomic 
11 -1 frequency factor is quite low compared with the value v = 10 sec 

e 
which was observed for electron-irradiated lithium-diffused silicon. (b  

Figures 20 and 21 show the preirradiation and postirradiation con- 

ductivity of the sample. It is clear that the sample's electrical con- 

ductivity completely annealed. 

For sample b, one isothermal anneal at 411°K was investigated. 

Figure 26 shows the unannealed fraction of annealable defects as a 

function of time for both samples a and b for a 411°K isothermal anneal. 

It is evident that the annealing rate is not significantly different 

for these two samples. 



T I  M E  (SECONDS) 

F i g .  25. I so thermal  annea l  of sample a 



T I M E  (SECONDS) 

Fig .  26 .  Unannealed f r a c t i o n  of annea lab le  d e f e c t s  f o r  411°K i so the rma l  
annea l  ve r sus  t ime 



5.5.3.3. Isochronal Anneal. Isochronal anneal data were taken by 

rapidly heating sample a to an elevated temperature, holding it at that 

temperature for 5 min, and rapidly cooling it to 273"K, where the 

lifetime (as evidenced by AV/V) was remeasured. 

Figure 27 shows the unannealed fraction of the total and annealable 

defects as a function of anneal temperature for sample a. The unannealed 

fraction of annealable defects is given by 

where T is the observed lifetime at 273°K after 5-min anneal at temperature T 
T, T is the lifetime at 273°K immediately after irradiation, and T~ is 0 
the observed lifetime after annealing has ceased. 

Figure 28 is a semilogarithmic plot of ln(N/NT) versus 1000/T, 

where N is the number of recombination centers prior to a 5-min anneal 

at temperature T, and NT is the number present after the anneal. The 

values of N and N were always measured at the irradiation temperature 
T 

of 273 or 302°K before and after the anneal. From the data of Fig. 28, 

the activation energy was found to be E = 0.69'0.02 eV. The atomic 
7 -1 frequency factor was V = 1.5k0.8 x 10 sec These values are in agree- 

0 
ment with the isothermal annealing results. 

Sample b was isochronally annealed for 5-min periods at temperatures 

between 302 and 440°K. Figure 29 shows the unannealed fraction of 

damage versus temperature. The 5% annealing at room temperature is due 

in part to experimental uncertainty. In addition, the room temperature 

anneal was actually 10 min long, because possible room temperature 

isothermal annealing was being investigated. At 440°K, what appeared 

to be the beginning of a reverse anneal was observed. 



Fig. 27. Unannealed fraction of defects versus isochronal anneal temperature 
for neutron-irradiated 3.7-ohm-cm (sample a), lithium-diffused 
n-type silicon 



Fig .  28. Sample a  i s o c h r o n a l  a n n e a l  a n a l y s i s  



Fig. 29. Unannealed f r a c t i o n  versus  i sochronal  anneal  temperature f o r  neutron- 
i r r a d i a t e d  3.7-ohm-cm sample b 



5.5.3.4.  Analysis  and Conclusions. A number of conclusions can be made 

concerning t h e  d a t a  obtained i n  the  neutron i r r a d i a t i o n .  F i r s t ,  the  

degradat ion cons t an t s  of t h i s  l i thium-diffused n-type s i l i c o n  i r r a d i a t e d  

a t  273 and 302°K a r e  equal  and independent of t h e  f luence  t o  2 x 10 
11 

2 
n/cm . This  va lue  of t h e  degradat ion cons tan t  is  nea r ly  the  same a s  f o r  

s i l i c o n  which conta ins  no l i t h ium, (29 )  which i s  c o n s i s t e n t  wi th  the l a c k  

of impurity dependence f o r  neutron damage (30) and i s  t o  be contraseed 

wi th  our previous observa t ion  t h a t  t h e  degrada t ion  cons tan t  f o r  e l ec t ron -  

i r r a d i a t e d  n-type s i l i c o n  depends on l i t h ium concent ra t ion .  These 

observa t ions  imply t h a t  t he  de fec t s  introduced by neutron i r r a d i a t i o n s  

a r e  i n t r i n s i c  d e f e c t s ,  i . e . ,  c l u s t e r s ,  a s  expected. Second, more than  

90% of t h e  neutron damage was annealed a t  temperatures  between 300 and 

380°K. (From S t e i n ' s  d a t a ,  (29) one would expect l e s s  than 10% recovery 

f o r  non-lithium-diffused n-type s i l i c o n  subjec ted  t o  t he  same anneal ing 

schedule.)  This  f i nd ing  is i n  c o n t r a s t  t o  t h e  i n s i g n i f i c a n t  anneal ing 

impuri ty  dependence observed f o r  phosphorus- and arsenic-doped n-type 
7 -1 

s i l i c o n .  Third,  t he  e f f e c t i v e  frequency f a c t o r  of v Q, 10 sec  f o r  

t h i s  anneal ing i n d i c a t e s  a process  involving long-range migrat ion.  (20) 

F i n a l l y ,  t h e  a c t i v a t i o n  energ ies  determined from iso thermal  and i sochronal  

annea ls  agree  and a r e  very c l o s e  t o  E = 0.66k0.05 eV f o r  the energy of 

l i t h i u m  d i f f u s i o n  i n  s i l i c o n .  (31-33) This  observa t ion  s t rong ly  sugges ts  

t h a t  t h e  anneal  depends on the  d i f f u s i o n  of l i t h i u m  t o  the  neutron-produced 

recombination cen te r s .  

A paper desc r ib ing  the  above r e s u l t s  i s  t o  be published i n  

Radiat ion E f f e c t s .  (34) 



6. STUDY OF THE DETAILED NATURE OF DEFECTS 

6.1. ELECTRON SPIN RESONANCE 

6.1.1.  In t roduc t ion  

E lec t ron  s p i n  resonance has been an important technique i n  t he  s tudy  

of r a d i a t i o n  e f f e c t s  i n  s i l i c o n ,  s i n c e  ESR i s  one of t he  few techniques (35) 

which provides information about t h e  d e t a i l e d  n a t u r e  of t h e  d e f e c t s .  A t  

GGA, ESR has been succes s fu l ly  used i n  programs (10,19,36,37) investigating 

t h e  product ion,  anneal ing,  and p r o p e r t i e s  of va r ious  damage c e n t e r s ,  

inc luding  t h e  Si-B1, Si-G6, Si-G7, and Si-G8 c e n t e r s .  Recent ly,  t h e  

ESR technique has been used t o  s tudy the e f f e c t  of l i t h ium i n  r a d i a t i o n  

damage. A thorough i n v e s t i g a t i o n  of the  e f f e c t  of l i t h ium on t h e  B-1  

(oxygen-vacancy) c e n t e r  was completed under an e a r l i e r  c o n t r a c t ,  (10) 

This  s tudy  was of p a r t i c u l a r  va lue ,  s i n c e  many i n v e s t i g a t o r s  f e e l  t h a t  t h e  

B-1 c e n t e r  is the  predominant recombination cen te r  i n  s i l i c o n  i r r a d i a t e d  

wi th  1-MeV e l ec t rons .  The r e s u l t s  of t h i s  s tudy provided inva luable  

i n s i g h t  i n t o  t h e  i n t e r a c t i o n  of l i t h i u m  wi th  radiation-produced e n t i t i e s  

inc luding  impur i ty- re la ted  d e f e c t s .  

During t h e  p re sen t  con t r ac t  per iod ,  t h e  ESR technique was used t o  

ga in  more fundamental information on the  r o l e  of l i t h i u m  i n  displacement 

damage processes .  The f i r s t  s tudy performed was an  i n v e s t i g a t i o n  of 

t h e  e f f e c t s  of l i t h i u m  on the  product ion and anneal ing of the divacancy 

(Si-G7). The second s tudy w a s  an  i n v e s t i g a t i o n  of t he  e f f e c t s  of l i t h i u m  

on t h e  product ion and anneal ing of t he  vacancy-phosphorus (Si-G8) c e n t e r .  

6.1.2.  Experimental Apparatus 

To achieve the  c o n t r a c t  goa l s ,  an  ESR apparatus  was assembled. 

The microwave plumbing f o r  the  superheterodyne ESR spectrometer  was 



assembled a s  shown i n  Fig. 30. Microwave power from the  LFE 814 s t a b l e  

o s c i l l a t o r  i s  s p l i t  a t  t h e  "magic tee"  i n t o  t h e  cav i ty  and r e fe rence  

arms of t h e  spectrometer .  This  b r idge  arrangement is f i r s t  nu l led  using 

the  a t t e n u a t o r  and phase s h i f t e r  i n  t he  r e f e rence  arm; then  it is  tuned 

away from n u l l  using only t h e  phase s h i f t e r ,  thus producing a br idge  

s e n s i t i v e  t o  t he  d i spe r s ion  mode. Microwave power is r e f l e c t e d  from the  

r e f e rence  and sample arms i n t o  t h e  d e t e c t i o n  arm of t h e  b r idge .  

The ESR s i g n a l  and t h e  l o c a l  o s c i l l a t o r  s i g n a l s  a r e  f ed  i n t o  a 

magic t e e  balanced mixer. This  u n i t  t akes  t he  d i f f e r e n c e  of t h e  two 

s i g n a l s  and provides a 60-Mc IF  s i g n a l  which can be ampl i f ied  e lec t ron-  

i c a l l y  by the  I F  ampl i f i e r .  This  s i g n a l  is  then  f ed  i n t o  a PAR 121 phase- 

s e n s i t i v e  d e t e c t o r ,  where i t  i s  demodulated from the  1-kc audiofrequency- 

f i e l d  modulation s i g n a l  and f i n a l l y  d isp layed  on a s t r i p - c h a r t  r eco rde r .  

The ESR samples were placed i n  an aluminum cav i ty  ope ra t ing  i n  t h e  

TEIOl mode. The cav i ty  was i n  a dewar which allowed d a t a  t o  be taken 

a t  20°K. 

6.1.3.  Theory 

6.1.3.1.  Divacancy. The divacancy is  an important damage c e n t e r  t o  s tudy ,  

s i n c e  i t  i s  thought t o  be one of t h e  recombination c e n t e r s  p re sen t  i n  

s i l i c o n  a f t e r  high-energy e l e c t r o n  and neutron i r r a d i a t i o n ,  This  cen te r  

is be l ieved  t o  have t h r e e  e l e c t r i c a l  l e v e l s  w i th in  t h e  forbidden gap. 

These l e v e l s  a r e  l oca t ed  a t  0.17 and 0.4 eV below t h e  conduction band 

and a t  0.25 eV above t h e  valence band. If t h e  Fermi l e v e l  i s  (1) above 

0.17 eV, t h e  divacancy is i n  a double nega t ive  charge s t a t e  and non- 

paramagnetic; (2) between 0.17 and 0.4 eV, t he  divacancy i s  i n  a s i n g l e  

nega t ive  charge s t a t e  and paramagnetic; and (3) below 0.4 eV, t he  

divacancy is  n e u t r a l  and nonparamagnet i c  . (35'38) For n-type s i l i c o n ,  

t h e  l e v e l  below the  middle of t he  forbidden gap i s  always f i l l e d  and 
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.g. 30. ESR spectrometer for studies of lithium-doped silicon 



i s  n o t  o b s e r v a b l e  by t h e  ESR techn ique .  The p r i n c i p a l  v a l u e s  f o r  t h e  

d i a g o n a l i z e d  divacancy g - tensor  (Si-G7) a r e  g = 2.0012, g2 = 2.0135, 
1 

and g3 = 2.0150, w i t h  (P = 29' from t h e  [ O l l ]  a x i s  i n  t h e  (011) p l a n e .  (35) 

6 . 1 . 3 . 2 .  Si-G8 (Vacancy-Phosphorous). The vacancy-phosphorus i s  a 

recombina t ion  c e n t e r  which i s  thought  t o  c o n s i s t  of one e l e c t r i c a l  

l e v e l  abou t  0 .4  e V  below t h e  conduc t ion  band. I f  t h e  F e m i  l e v e l  is 

above t h i s  l e v e l ,  t h e  Si-G8 c e n t e r  is i n  a s i n g l e  n e g a t i v e  charge  s t a t e  

and i s  nonparamagnetic;  however, i f  t h e  Fermi l e v e l  i s  below 0.4  eV, 

t h e  c e n t e r - i s  i n  a n e u t r a l '  charge  s t a t e  and is  paramagnet ic .  Thus, 

t h e  Si-G8 c e n t e r  i s  b e t t e r  s u i t e d  t h a n  t h e  divacancy t o  s t u d y  by ESR 

because  i t  is paramagnet ic  o v e r  a much wider  f l u e n c e  range .  The 

p r i n c i p a l  v a l u e s  i n  t h e  d i a g o n a l i z e d  Si-G8 g- tensor  a r e  g = 2.0005, 
1 

g2 = 2.0112, and g3 = 2.0096, w i t h  (P = 32' from t h e  [ O l l ]  a x i s  i n  t h e  

(011) p lane .  (35) 

6 .1 .4 .  Samples 

Samples f o r  t h e  ESR s t u d i e s  were produced by t h e  d i f f u s i o n  of 

l i t h i u m  i n  f l o a t - z o n e  n-type s i l i c o n .  The l i t h i u m  paint-on t echn ique  

was used t o  d i f f u s e  l i t h i u m  i n t o  t h e  samples.  Samples prepared ranged 

i n  r e s i s t i v i t y  from 0 .11  t o  0.66 ohm-cm, which corresponds t o  a room 
3 

t e m p e r a t u r e  c a r r i e r  c o n c e n t r a t i o n  from 1017 t o  1016 c a r r i e r s l c m  . 

The samples used d u r i n g  t h i s  work are d e s c r i b e d  i n  Tab le  2. Ir- 

r a d i a t i o n  was performed w i t h  30-MeV e l e c t r o n s  from t h e  GGA Linac f a c i l i t y .  
3 

A l l  t h e  ESR samples had volumes of abou t  0 .023 cm and were o r i e n t e d  

( u s i n g  l i g h t  r e f l e c t i o n  p a t t e r n s  from a n  e tched  c r y s t a l  f a c e )  a long  t h e  

< I l l >  and <110> c r y s t a l  axes .  

6 .1 .5 .  Divacancy Study 

Samples 1, 2, and 3 were i r r a d i a t e d  w i t h  30-MeV e l e c t r o n s  t o  f l u e n c e s  
2 

of 1 x 1016,  2 x 1016, and 3 x 1016 e/cm . Immediately a f t e r  t h e  room 

tempera tu re  i r r a d i a t i o n s ,  t h e  samples were s t o r e d  i n  l i q u i d  n i t r o g e n .  



TABLE 2 
SAMPLES USED IN ESR STUDIES 

Sample 
Number 

Resistivity 
Bef ore Lithium 
Diffusing 
(ohm-cm) 

lo4 
(high-purity) 

104 
(high-puri ty) 

104 
(high-purity) 

lo4 
(high-purity) 

104 
(high-purity) 

104 
(high-puri ty) 

0.54 
(phosphorus- 

doped) 

0.54 
(phosphorus- 

doped) 

0.54 
(phosphorus- 

doped) 

0.54 
(phosphorus- 

doped) 

0.54 
(phosphorus- 

doped) 

1 Resistivity 
After Lithium 
Diffusing 
(ohm-cm) 

Irradiation 
Temperature 

(OK) 

Fluence at End 
of Irradiation 

No. 1 
(e/cm2> 

Fluence at End 
of Irradiation 

No. 2 
(e/cm2> 

--- 



The samples were b r i e f l y  brought t o  room temperature f o r  r e s i s t i v i t y  

measurements us ing  a four-probe apparatus .  The room temperature r e s i s -  

t i v i t i e s ,  c a r r i e r  concen t r a t ions ,  and Fermi l e v e l s  a r e  given i n  Table 3.  

The Fermi l e v e l  and conduction e l e c t r o n  dens i ty  were determined from the  

p o s t i r r a d i a t i o n  room temperature r e s i s t i v i t y .  Previous measurements (10) 

y i e l d  a n  approximate divacancy in t roduc t ion  r a t e  of 

An d ivacancies  - = 0 . 1  
A(a e-cm 

The divacancy dens i ty  was est imated from t h e  in t roduc t ion  r a t e  and 

t h e  measured f luence .  The dens i ty  of paramagnetic d ivacancies  a t  20°K 

was a l s o  est imated.  Any anneal ing of t h e  divacancy because of l i t h ium 

migra t ion  due t o  t he  room temperature i r r a d i a t i o n  was neglec ted  i n  t h e  

above es t imates  s i n c e  i t  was thought t o  be i n s i g n i f i c a n t .  

The r e s u l t s  of t h e  e s t ima te s  pred ic ted  t h a t  a t  20°K, sample 1 should 

have had about 1 x 1015 divacancies/cm3 i n  t h e  double nega t ive  charge 
3 s t a t e ,  sample 2 should have had 1.85 x 1015 divacancies/cm i n  the  s i n g l e  

nega t ive  charge s t a t e ,  and sample 3 should have had only 3.6 x 10 1 4  

divacancies/cm3 i n  t h e  s i n g l e  nega t ive  charge s t a t e .  On t h i s  b a s i s ,  

only sample 2 contained enough paramagnetic d ivacancies  t o  be seen 

i n  our ESR spectrometer ,  s i n c e  the  noise  l e v e l  of t h e  spectrometer  (39) 

14 3 i s  4 x 10 spins/cm . However, when sample 2 was i n s e r t e d  i n t o  the  

ESR spectrometer  and a c a r e f u l  search  was made f o r  t he  s i g n a l  above the  

no i se  l e v e l  of t h e  spectrometer ,  no resonance peak was observed. P a r t  

of t h i s  search  was concentrated a t  a magnetic f i e l d  of 3312 gauss 

p a r a l l e l  t o  t h e  < I l l >  a x i s ,  where a p red ic t ed  (39) s i g n a l  with a s igna l -  

to-noise r a t i o  of 3.6 should have been observed. No resonances were 

observed i n  any of t h e  t h r e e  samples when they were searched over  s e v e r a l  

magnetic f i e l d  d i r e c t i o n s  and over a range of magnetic f i e l d  s t r e n g t h  

corresponding t o  g va lues  of 1 .98255 gS2.0150.  



TABLE 3 
ACCUMULATIVE ELECTRON FLUENCE FOR SAMPLES 1, 2, AND 3 

Sample 
Number 

1 

2 

3 

Fluen5e 
(elcm ) 

1 x 1 0 ~ ~  

2x1016 

3 x 1 0 ~ ~  

Postirradiation 
Resistivity 
at 3 0 0 O ~  
(ohm- cm) 

2.9 

35 

9900 

Carrier 
Concentration 
(numberlcm 3 ) 

1.5x1015 

1.5~10 14 

%1012 

Fermi Level 
(eV below 

conduction 
band) 

0.26 

0.32 

$0.45 



The r e s u l t s  of t h e s e  experiments po in t  t o  t h r e e  poss ib l e  conclusions:  

1. The divacancies  had a lower i n t roduc t ion  r a t e  due t o  t h e  

e f f e c t  of t h e  presence of l i th ium.  

2.  The d ivacancies  were i n  a nonparamagnetic charge s t a t e .  

3. There was s i g n i f i c a n t  annea l ing  of t h e  divacancy dur ing  

t h e  i r r a d i a t i o n  due t o  migra t ion  of l i t h ium t o  t h e  d ivacancies .  

To e l i m i n a t e  t h e  p o s s i b i l i t y  of thermal anneal ing due t o  t h e  migra t ion  

of l i t h i u m  t o  t h e  divacancy, i t  was decided t o  perform t h e  i r r a d i a t i o n s  

a t  77OK and t o  s t o r e  t he  sample a t  t h i s  temperature.  Three ESR samples 
4 

(No. 4, 5 ,  and 6) were prepared from 10 -ohm-cm, f loat-zone n-type 

s i l i c o n .  Af t e r  l i t h ium d i f f u s i o n ,  each had a room temperature r e s i s t i v i t y  
1 7  -3 

of 0 .11  ohm-cm corresponding t o  a c a r r i e r  concent ra t ion  of 10 cm . 
The t o t a l  de fec t  i n t roduc t ion  r a t e  and divacancy in t roduc t ion  r a t e  a r e  

d i f f e r e n t  a t  77OK than  a t  300°K, so  t o  e s t a b l i s h  these  r a t e s  i t  was 

decided t o  i r r a d i a t e  samples 4, 5,  and 6 i n  smal l  f l uence  s t e p s .  

Samples 4 ,  5 ,  and 6 were examined a t  20°K i n  t h e  ESR spectrometer  

fol lowing i r r a d i a t i o n s  1 and 2, bu t  no paramagnetic resonances were 

de t ec t ed .  Thus, e i t h e r  (1) t h e  in t roduc t ion  r a t e  of t h e  divacancies  

w a s  t oo  low, o r  (2) t h e  d ivacancies  produced were i n  t h e  wrong charge 

s t a t e ;  i . e . ,  they were nonparamagnetic i n s t ead  of paramagnetic. 

\ For t h e  purpose of determining t h e  in t roduc t ion  r a t e  of paramagnetic 

d ivacancies ,  cons ider  sample 6 a t  t h e  end of i r r a d i a t i o n  1 ( t o t a l  f l uence  
2 

of 2 x 1017 e/cm ) .  The ca l cu la t ed  no i se  l e v e l  f o r  t h i s  sample i s  

5 x 1014 spins/cm3. Since no divacancy <111> a x i s  s i g n a l  was d e t e c t e d ,  

t h e  divacancy in t roduc t ion  r a t e  must be l e s s  than 0.004 divacancyle-cm. 

Otherwise, t h e  < I l l >  peak should have been de t ec t ed .  Previous d a t a  (36) 

on a 0.1-ohm-cm, phosphorus-doped f loa t -zone  s i l i c o n  sample i r r a d i a t e d  



at 77°K with 30-MeV electrons yielded a divacancy introduction rate 

of 0.04 divacancyle-cm, which is well above the apparent introduction 

rate of paramagnetic divacancies in lithium-diffused silicon provided 

that all divacancies which are produced are paramagnetic. This implies 

that the divacancy introduction rate at 77°K is at least an order of 

magnitude lower for lithium-diffused silicon than in phosphorus-doped 

silicon. 

Another possible reason for not observing divacancies is that although 

the introduction rateof divacancies may be the same for lithium-diffused 

silicon as for non-lithium-diffused silicon (0.04 divacancyle-cm) at 77OK, 

the divacancibs were not detected in the ESR spectrometer because they 

were in a nonparamagnetic charge state. Observation of the cavity Q 

(which is related to the sample resistivity) as a function of fluence 
-1 indicated that a carrier removal rate of 0.5 cm or a fluence of 2 x 10 17 

e/cm2 was required to subs tantially depopulate the conduction band, but 

no divacancies were observed up to this fluence. After irradiation to 
2 

a fluence of 2.8 x 1017 elcm , sample 4 was examined at 0°C with a two- 
probe resistivity measuring device and was found to have less than 

3 
1012 carriers/cm . This means that the Fermi level is below 0.4 eV, so 

that nearly all the divacancies in this sample were in a neutral charge 

state and, therefore, not paramagnetic at the 20°K ESR measurement 

temperature. Thus, for these samples, the divacancy is in the para- 

magnetic charge state for some fluence between 1.2 x 1017 and 2.8 x 10 
17 

L 
e/cm . Furthermore, the limited range of fluences (or window) over 

which the divacancies are paramagnetic must be less than the 4 x 1016 e/cm 2 

fluence increments between the samples for irradiation 2, or less than the 
2 

8 x 1016 e/cm between irradiation 1 (sample 6) and irradiation 2 (sample 

4 ) .  An estimate of the probable fluence range is about 1.1 x 1016 e/cm 
2 

for samples 4, 5, and 6. With a fluence range of only about 0.11 x 10 
17 

2 
e/cm2 for a fluence of 2 x 1017 e/cm , it is easy to miss the range on 
irradiations 1 and 2 for samples 4, 5, and 6. 



The temperature of samples 4, 5, and 6 was not raised above 77°K 

because the elimination of the possibility of migration of lithium to 

the divacancies was important, 

After irradiation 2, sample 6 was illuminated with an incandescent 

light for 3 hr while in the spectrometer cryostat at 20°K in an attempt 

to change the charge state of the divacancies from nonparamagnetic to 

paramagnetic. At temperatures near 20°K, the time constants for returning 

to equilibrium can be very long; (36) theref ore, populated divacancies 

(paramagnetic) would exist for long periods of time. If this were true, 

then the ESR signals of these paramagnetic centers would be seen. 

However, in this experiment on sample 6, no resonance was observed after 

the illumination. 

A final attempt to observe the divacancy in lithium-diffused 

silicon was performed. The sample which had been irradiated to a fluence 
2 

of 4 x 1017 e/cm at 77'K was warmed to room temperature and held for 

25 hr and again examined in the ESR spectrometer. Still no divacancy 

resonance was detected. This experiment was performed on the speculation 

that the divacancy would appear after sufficient annealing due to 

breakup of a complex containing lithium and the divacancy. 

To make the ESR measurement when the divacancies are in the para- 

magnetic charge state for irradiation at 77OK would require continuous 

resistivity measurements on a sample of ever-increasing resistivity. 

Once all the divacancies were put into the paramagnetic charge state, 

no true annealing experiments could successfully be made, since other 

experiments 40) indicate an increase in resistivity upon annealing 

which lowers the Fermi level. This would make the divacancies nonpara- 

magnetic and reduce the ESR signal. When this happened, it would not 

be possible to determine whether the divacancies disappeared due to the 

migration of lithium or due to the depopulation of vacancies by Fermi- 

level motion. 



6.1.6. Vacancy-Phosphorus Study 

At this point in the program, experimental attention was directed 

to an investigation of the Si-G8 (vacancy-phosphorus) center in lithium- 

diffused silicon. A thin slice was cut from a float-zone refined sllicon 

boule which had been doped with 1.1 x 1016 phosphorus atoms per cubic 

centimeter. This slice was carefully oriented along the <Ill> and <110> 

crystal axes, and an ESR sample (No. 7) was cut from it. The rest of 

the slice was lithium-diffused to a concentration of 3.6 x lox6 lithium 

atoms per cubic centimeter, using the lithium-oil paint-on technique. 

This procedure gave a lithium-to-phosphorus concentration ratio of about 
3 3.3. Four 0.0232-cm ESR samples (No. 8-11) were cut from this material. 

The effect of the lithium diffusion on the number of paramagnetic 

phosphorus donors was determined by comparing samples 7 and 8 in the ESR 

spectrometer at 20°K. It was found that the lithium diffusion reduced 

the number of paramagnetic phosphorus donors by about a factor of 3. 

We have no explanation for this reduction. 

Samples 9 and 10 were irradiated in the Linac at 77OK to fluences 
2 of 0.9 x 1017 and 1.2 x 1017 e/cm , respectively. These f 1r.ences were 

chosen because the carrier removal rate at 77"K, obtained from the 
- 1 

divacancy study, was 0.5 cm , and because all free carriers must be 
removed from the conduction band for the Si-G8 center to be in the 

paramagnetic charge state. Examination of sample 10 in the ESR spectrometer 

indicated that not enough electrons had been removed from the conduction 

band to ensure that the Si-G8 center would be in the paramagnetic charge 

state. 

Samples 9 and 10 were returned to the Linac and irradiated again 

at 77'K, which raised their accumulated fluences to 1.9 x 1017 and 2.2 x 
2 

lox7 e/cm , respectively. At these fluence levels, both samples had 

high resistivities at 77OK, indicating that enough electrons had been 



removed from the  conduction band t o  p l ace  t h e  Si-G8 c e n t e r  i n  i t s  

paramagnetic charge s t a t e .  Based on previous experimental measurements, (1) 
-1 

the  minimum Si-G8 cen te r  i n t roduc t ion  r a t e  was est imated t o  be 0 . 1  cm 

a t  77°K.  There can be no more Si-G8 cen te r s  than  the  i n i t i a l  phosphorus 

dens i ty  of 1.1 x 1016 c 3  permi ts ,  and our no i se  l e v e l  was 5 x 10 14 

3 
spins/cm . Therefore,  the  above f luences  were expected t o  g ive  s igna l -  

3 14 ' 3 
to-noise r a t i o s  of about 1 /2 (1 .1  x 1016 Si-G8/cm ) /  (5 x 10 spinslcm ) r 10,  

inc luding  a f a c t o r  of one-half t o  account f o r  l i n e  s p l i t t i n g .  

A c a r e f u l  search  over the  expected Si-G8 cen te r  g va lues  of 1.99700 
< 

t o  2.01400 revea led  nothing. Thus, t he  presence of l i t h i u m  i n  t h i s  

phosphorus-doped sample has ,  a t  l e a s t ,  reduced t h e  Si-G8 c e n t e r  i n t r o d u c t i o n  

r a t e  below 

6.1.7.  New Center 

Continuing t h e  examination of samples 9 and 10 a t  20°K i n  t h e  ESR 

spectrometer  revea led  an unknown paramagnetic r a d i a t i o n  damage c e n t e r  

whose range of g va lues  was below t h a t  of t he  f r e e  e l e c t r o n  (2.0023). 

This  unknown c e n t e r  had a good s igna l - to-noise  r a t i o ;  and comparison with 

a marker conta in ing  5.14 x 1014 s p i n s  gave a de fec t  concent ra t ion  of 
3 

approximately 1 x 1016 centers lcm . This  i n d i c a t e s  a 77OK in t roduc t ion  
- 1 

r a t e  of approximately 0.04 cm . 

The s t r i p - c h a r t  recording of ESR s i g n a l  amplitude versus  magnetic 

f i e l d  (or  g va lue )  i s  presented i n  Fig.  31. Note t h a t  t he  i n d i v i d u a l  

l i n e s  of t he  spectrum a r e  not  reso lved ,  bu t  a r e  broadened and merged 

i n t o  one genera l  o v e r a l l  envelope. The most probable reason f o r  t h i s  

resonance-l ine broadening i s  nonhomogeneous broadening caused by the  
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MAGNETIC FIELD ALIGNED ALONG T H E  < I l l >  CRYSTAL A X I S  

F i g .  31. S t r i p - c h a r t  r e c o r d i n g  of ESR s i g n a l  ampl i tude  v e r s u s  magnet ic  f i e l d  



o v e r l a p p i n g  of s e v e r a l  i n d i v i d u a l  r esonance  l i n e s ,  which then  merge 

i n t o  one o v e r a l l  envelope.  An example of nonhomogeneous broadening 

i s  t h a t  caused by h y p e r f i n e  s t r u c t u r e ,  o r  l i n e  s p l i t t i n g ,  due t o  t h e  

magnet ic  i n t e r a c t i o n  between t h e  n u c l e a r  magne t ic  moment and t h e  unpa i red  

e l e c t r o n .  (41) 

It  i s  p o s s i b l e  t h a t  t h e  spectrum of F i g .  31 was caused by t h e  mis- 

o r i e n t a t i o n  of t h e  sample w i t h  r e s p e c t  t o  t h e  magnet ic  f i e l d .  However, 

t h i s  is  c o n s i d e r e d  u n l i k e l y  s i n c e  t h e  sample o r i e n t a t i o n  was checked 

by X-ray d i f f r a c t i o n  and was found t o  be w i t h i n  3' of t h e  d e s i r e d  <110> 

o r i e n t a t i o n .  

I n  s h o r t ,  t h e  broadening of t h e  resonance  l i n e s  i n  F ig .  3 1  makes i t  

d i f f i c u l t  t o  f i n d  t h e  p r i n c i p a l  v a l u e s  and a x i s  of t h e  g - tensor  (and t h e  

amount of h y p e r f i n e  s p l i t t i n g  d e s c r i b e d  by t h e  A-tensor) .  

T h i s  ESR spectrum w a s  f u r t h e r  i n v e s t i g a t e d  on t h e  s u p p o s i t i o n  t h a t  

i t  i s  n o t  j u s t  one c e n t e r ,  b u t  a s u p e r p o s i t i o n  of more t h a n  one c e n t e r .  

To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  one of t h e  samples was annea led  i n  

s t a g e s  t o  473OK and examined a f t e r  each s t a g e  i n  t h e  hope t h a t  a n n e a l i n g  

would r e d u c e  t h e  number of c e n t e r s  by c a u s i n g  some t o  become nonparamagnetic 

o r  t o  p h y s i c a l l y  a n n e a l .  No change i n  e i t h e r  t h e  magnitude o r  c h a r a c t e r  

of t h e  resonance s i g n a l  r e s u l t e d  from a n n e a l i n g  t o  423OK. The unknown 

c e n t e r  d i sappeared  a f t e r  a 15-min a n n e a l  a t  473OK. It i s  tempt ing t o  

assume t h a t  t h i s  c e n t e r  is  a phosphorus- l i th ium complex, s i n c e  i t  w a s  n o t  

s e e n  i n  t h e  l i t h i u m - d i f f u s e d  h i g h - p u r i t y  s i l i c o n  samples p r e v i o u s l y  

examined. However, one cannot  r u l e  ou t  t h e  p o s s i b i l i t y  t h a t  t h e  a d d i t i o n  

of t h e  phosphorus had widened t h e  f l u e n c e  range  i n  which t h i s  c e n t e r  is 

paramagne t ic ,  a l l o w i n g  t h e  c e n t e r  t o  be  s e e n  f o r  t h e  f i r s t  t i m e .  

6 .1 .8 .  Conclusions  

The s t u d y  of t h e  divacancy (Si-G7) i n  l i t h i u m - d i f f u s e d  s i l i c o n  

i n d i c a t e s  t h a t  f o r  room tempera tu re  (300°K) i r r a d i a t i o n s ,  t h e  d ivacancy  



is a f f e c t e d  by the  presence of l i th ium.  The o v e r a l l  e f f e c t  of l i t h i u m  

is t o  decrease the  number of d ivacancies  p re sen t  a f t e r  a  300°K i r r a d i a t i o n .  

The l i t h i u m  e i t h e r  lowers t he  in t roduc t ion  r a t e  of divacancies  o r  anneals  

the  d ivacancies  once they a r e  formed. E a r l i e r  work'') has shown t h a t  

both of t h e s e  mechanisms a r e  present  i n  B - 1  c e n t e r  product ion and an- 

nea l ing .  

The ESR measurements of t h e  divacancy were performed a f t e r  i r r a d i a t i o n s  

a t  77OK i n  t h e  hope of s epa ra t ing  t h e  mechanisms respons ib le  f o r  t h e  

decrease  i n  t he  number of d ivacancies  observed a f t e r  room temperature 

i r r a d i a t i o n s  of l i th ium-di f fused  n-type s i l i c o n .  These experiments 

were inconclus ive  f o r  t h e  reasons descr ibed above. 

The absence of t h e  Si-G8 cen te r  f o r  30-MeV e l e c t r o n  i r r a d i a t i o n s  

a t  77°K l eads  t o  the  conclusion t h a t  t he  presence of l i t h ium i s  e f f e c t i v e  

i n  decreas ing  t h e  number of t h i s  c e n t e r .  Since l i t h ium d i f f u s e s  very 

slowly a t  77OK, the  decrease i n  t he  in t roduc t ion  r a t e  of t h e  Si-G8 c e n t e r  

is not  due t o  i t s  anneal ing by l i th ium.  The reasons f o r  t h e  lower 

in t roduc t ion  r a t e  may be: 

1. The vacancies  produced by the  i r r a d i a t i o n  a r e  p r e f e r e n t i a l l y  

a t t r a c t e d  t o  t h e  l i t h i u m  ins t ead  of t h e  phosphorus because 

of t h e  l a r g e r  c ros s  s e c t i o n s  of t h e  l i t h ium than  the  phosphorus 

f o r  t h e  vacancies .  

2 .  The phosphorus is  pa i red  wi th  the  l i t h ium and t h e r e f o r e  i s  

not  f r e e  t o  combine wi th  the  vacancies  t o  produce Si-G8 c e n t e r s .  

The arguments f o r  t h e  decreased in t roduc t ion  r a t e s  of the  Si-G8 

c e n t e r s  a r e  t he  same a s  those f o r  Si-B1 cen te r s .  However, i n  t h e  

Si-B1 c e n t e r  s t u d i e s ,  oxygen was present  i n  t he  samples i n s t ead  of 

phosphorus. 



The ESR studies of the Si-G7, Si-G8, and Si-B1 centers yield the 

same basic result. The introduction rate of these centers in lithium- 

diffused silicon is decreased for 300°K electron irradiations. However, 

the reason for the decrease is not completely understood for each center, 

and the reasons may even be different for each center. 

Since these centers are considered as recombination centers in 

electron-irradiated non-lithium-diffused silicon, there is a possibility 

of decreasing the lifetime degradation in silicon due to the presence 

of lithium. However, experimental measurements of the lifetime degradation 

constant in heavily lithium-diffused silicon for 1-MeV ( 4 2 )  and 30-MeV (1) 

electrons yield values equal to or larger than those found for non- 

lithium-diffused silicon. This implies that in electron irradiations 

of heavily lithium-diffused silicon, a new recombination center is produced 

which degrades the lifetime at the same rate or faster than the Si-G7, 

Si-G8, or Si-B1 center. It is most probable that this new recombination 

center contains lithium or is affected in its production by lithium. 

A new ESR center has been observed in lithium-diffused phosphorus- 

doped silicon irradiated with 30-MeV electrons. The nature of this 

center is not known at the present time. 

6.2. INFRARED ABSORPTION STUDIES 

As described in Section 6.1.5, ESR was used to search for the 

divacancy in lithium-diffused silicon, No resonance was observed. It 

was concluded that the reason for this failure was due to either a 

lower divacancy introduction rate in lithium-diffused silicon or the 

presence of divacancies in a nonparamagnetic charge state. To resolve 

this uncertainty, a short infrared absorption study was carried out. 

The infrared absorption measurements were performed using a Perkin- 

Elmer Model 112 double-pass prism spectrometer. This instrument is 



equipped with va r ious  l i g h t  sources ( a  tungs ten  lamp and a  Globar) ,  

prisms (g l a s s ,  fused qua r t z ,  NaC1, and CsBr) , and d e t e c t o r s  (photo- 

conductive c e l l s  and thermocouples) t h a t  a l low i t  t o  cover t he  wave- 

length  region from u l t r a v i o l e t  t o  about 30 p. The spectrometer  has 

been modified s o  t h a t  t he  monochromatic beam can be  ex t r ac t ed  and t h e  

sample pos i t ioned  i n  e i t h e r  t he  monochromatic beam o r  t h e  whi te  l i g h t .  

I n f r a r e d  absorp t ion  is l e s s  s e n s i t i v e  than  ESR, r equ i r ing  approximately 

1016 defects/cm3 f o r  bands t o  be observed. However, t h i s  technique has 

t h e  advan tage ' t ha t  t he  divacancy bands (43) a r e  observed r ega rd l e s s  of t h e  

divacancy charge s t a t e .  The sample s tud ied  was the  most heavi ly  i r r a d i a t e d  

one, having rece ived  a  dose of 4  x 1017 e/cm2. It was o p t i c a l l y  i n v e s t i -  

gated a t  room temperature fol lowing a  room temperature anneal  of s e v e r a l  

days. The room temperature r e s i s t i v i t y  of t h e  sample ind ica t ed  t h a t  t h e  

Fermi l e v e l  was deep enough s o  t h a t  t h e  divacancy was not  i n  i t s  double- 

nega t ive  charge s t a t e ,  and thus the  absorp t ion  band would be loca t ed  a t  

a  wavelength of 1 .8  p. ( 4 3 ) ~ h e  sample was placed i n  t he  whi te  l i g h t  

beam of t h e  Perkin-Elmer spectrometer  and observed using fused qua r t z  

and NaCl prisms i n  t he  wavelength reg ion  from 1 t o  4 p. 

The s p e c t r a  taken i n  these  measurements show no evidence of t h e  

divacancy absorp t ion  band. This means t h a t  l e s s  than  1016 divacancies/cm 
3 

a r e  p re sen t  i n  t he  sample. I f  no annea l ing  occurred,  t h e  maximum divacancy 

in t roduc t ion  r a t e  was 0.2 cm-', which is a f a c t o r  of two lower than r a t e s  

measured f o r  non-lithium-diffused m a t e r i a l .  

1 

It should b e , n o t e d  i n  this connection t h a t  t h e r e  was an i n d i c a t i o n  

i n  t he  spec t r a  of an absorp t ion  band a t  1 .4  y which has been a s soc i a t ed  

wi th  l i t h i u m  perhaps i n t e r a c t i n g  wi th  the  divacancy. (44) This  observa t ion  

may i n d i c a t e  t h a t  some divacancies  were e l imina ted  by the  room temperature 

anneal .  



7. SUMMARY OF CONCLUSIONS 

7.1. NEUTRON ACTIVATION ANALYSIS STUDY 

Electrical resistivity measurements and NAA results tend to suggest 

that for the low-lithium-content (less than 1017 cm3) samples, the 

lithium is present in the samples as singly ionized donors. For the NAA 

study, the low-lithium-content samples were diffused by the lithium-tin 
17 -3 bath technique. However, for the high-lithium-content(greater than 10 cm ) 

samples, the NAA indicates that significantly more lithium may be present 

in certain samples than was determined by resistivity measurements. These 

high-lithium-content samples were produced by the lithium paint-on 

technique. 

7.2. MINORITY-CARRIER LIFETIME STUDIES 

7.2.1. 30-MeV Electron Irradiations 

In the minority-carrier lifetime study of electron-irradiated, float- 

zone, lithium-diffused n-type silicon, the lifetime temperature dependence, 

degradation rate, and annealing characteristics were measured. Both 
16 

lightly diffused (no 4.5 x 1014 ~ m - ~ )  and heavily diffused (no 1.5 x 10 ) 

samples were investigated.. From these studies, the following conclusions 

can be drawn : 

1. The initial preirradiation lifetime of lightly diffused silicon 

is due to at least two centers. Its temperature dependence 

indicates that one center is near E - 0.17 eV, and that the 
C 

other is an attractive center deeper than 0.35 eV from either 

band edge. Because the initial conduction electron concentration 



in the heavily diffused silicon was so high, the minority- 

carrier lifetime temperature dependence could not distinguish 

between the two centers if both were present. Our measure- 

ments on heavily diffused silicon indicate that an attractive 

center is deeper than E - 0.17 eV. 
C 

2. At least two kinds of recombination centers are introduced 

in lightly diffused silicon by the 30-MeV electron irradiation: 

one dominant at temperatures above 150 to 200°K and the other 

dominant below 150 to 200°K. The recombination centers in 

heavily diffused silicon are not well located but are deeper 

than Ec - 0.17 eV. The introduction rate of these individual 

centers cannot be determined until the charge state of the 

centers is established, since the capture cross section for 

neutral and attractive centers can differ by an order of 

magnitude. 

3. The room temperature minority-carrier lifetime degradation 

constant for heavily diffused silicon was approximately three 

times that for lightly diffused silicon. The increased 

degradation constant of heavily lithium-diffused silicon 

conpared with that of non-lithium-diffused silicon is inter- 

preted to indicate that the presence of lithium is effective 

in the production of recombination centers in lithium-diffused 

silicon. These recombination centers either contain lithium 

or are affected in their production by lithium. 

4. In lightly diffused silicon, the dominant postirradiation- 

preanneal center at low temperatures (less than 200°K) has an 

energy level near E - 0.17 eV, and the dominant postirradiation- 
C 

preanneal center at high temperatures (greater than 200°K) is 

deeper than 0.35 eV from either band edge. 



5. The annealing of the recombination centers in lightly 

irradiated heavily diffused silicon is complete; i.e., all 

the recombination centers are annealed. The annealing times 

are consistent with results of previous work. However, after 

extended fluences the annealing of the recombination centers 

is not complete; i.e., not all the recombination centers are 

annealed. 

6. In lightly diffused silicon, the radiation-induced center 

at Ec - 0.17 eV which is dominant at low temperatures was 
not annealed in 1 hr at 390°K but appears to anneal, at least 

partially, over long periods at room temperature and seems to 

anneal completely in more highly diffused samples. 

7. In lightly diffused silicon, the radiation-induced high- 

temperature center is significantly annealed in the presence 

of lithium. 

8. Successive irradiations and anneals could shift the low-tem- 

perature portion of the minority-carrier lifetime curve downward 

and to higher temperatures. Thus, at some fluence, the 

dominant low-temperature center might become dominant at 

room temperature, perhaps changing the subsequent room 

temperature damage constants and annealing characteristics. 

This phenomenon may be related to the incomplete annealing 

obseryed in heavily irradiated heavily diffused silicon 

and electron-irradiated lithium-diffused silicon solar 

cells. 

9. In general, it appears that in electron-irradiated, lithium- 

diffused, float-zone n-type silicon, both lithium-dependent 

and non-lithium-dependent recombination centers are produced. 

The number of each depends on the lithium concentration, with 



the largest number of lithium-dependent centers being found in 

highly diffused silicon and the largest number of non-lithium- 

dependent centers being found in lightly diffused silicon. 

10. No irradiation temperature dependence of the recombination 

center introduction rate for 30-MeV electrons in the 115 to 

300°K temperature range was observed. 

11. The minority-carrier lifetime degradation constant for lithium- 

diffused samples irradiated and measured at 300°K is an order 

of magnitude smaller than that for samples irradiated and 

measured at 115°K. 

7.2.2. Fission Neutron Irradiations 

A number of observations can be made concerning the results of 

minority-carrier lifetime studies in fission-neutron-irradiated lithium- 

diffused silicon. First, the degradation constants for this lithium- 

diffused n-type silicon irradiated at 273 and 302°K are equal and 

independent of the fluence to 2 x 10" n/cm2. This value of the 

degradation constant is nearly the same as for silicon containing no 

lithium, which is consistent with the lack of impurity dependence for 

neutron damage and is in contrast to this laboratory's observation that 

the degradation constant for electron-irradiated n-type silicon depends 

on lithium concentration. These observations imply that the defects 

introdGced by neutron irradiations are intrinsic defects, i.e., clusters, . 
as expected. Second, more than 90% of the neutron damage was annealed 

at temperatures between 300 and 380°K. From Stein's data, one would 

expect less than 10% recovery for non-lithium-diffused n-type silicon 

subjected to the same annealing schedule. This is to be contrasted 

with the insignificant annealing impurity dependence observed for 

phosphorus- and arsenic-doped n-type silicon. Third, the effective 
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frequency f a c t o r  of v 10 s e c  f o r  t h i s  anneal ing i n d i c a t e s  a 

process  involving long-range migrat ion.  F i n a l l y ,  t h e  a c t i v a t i o n  

ene rg i e s  determined from iso thermal  and i sochronal  anneals  agree and 

a r e  very  c lose  t o  E = 0.66'0.05 eV f o r  t he  energy of l i t h ium d i f f u s i o n  

i n  s i l i c o n .  This  s t rong ly  sugges ts  t h a t  t h e  anneal  depends on the  

d i f f u s i o n  of l i t h i u m  t o  the  neutron-produced recombination cen te r s .  

7.3. ELECTRON SPIN RESONANCE AND INFRARED ABSORPTION STUDIES 

The s tudy of t he  divacancy (Si-G7) i n  l i thium-diffused s i l i c o n  

i n d i c a t e s  t h a t  t h e  divacancy is  a f f e c t e d  by the  presence of l i t h ium.  

The o v e r a l l  e f f e c t  of l i t h ium is t o  decrease t h e  number of divacancies  

p re sen t  a f t e r  i r r a d i a t i o n .  The l i t h ium e i t h e r  lowers t h e  in t roduc t ion  

r a t e  of divacancies  o r  anneals  t h e  d ivacancies  once they a r e  formed. 

This  conclusion was v e r i f i e d  by the  r e s u l t s  of a n  i n f r a r e d  absorp t ion  

s tudy .  E a r l i e r  work has shown t h a t  both of t hese  mechanisms a r e  p re sen t  

i n  t h e  product ion and anneal ing of t h e  B-1 cen te r .  

The absence of t he  Si-G8 c e n t e r  f o r  30-MeV e l e c t r o n  i r r a d i a t i o n s  

a t  77°K l eads  t o  the  conclusion t h a t  t h e  presence of l i t h ium is e f f e c t i v e  

i n  decreasing t h e  number of t hese  cen te r s .  Since l i t h ium d i f f u s e s  very  

slowly a t  77OK, t h e  decrease i n  t h e  in t roduc t ion  r a t e  of t he  Si-G8 

c e n t e r  i s  no t  due t o  anneal ing of t he  cen te r  by l i t h ium.  The reasons 

f o r  t h e  lower in t roduc t ion  r a t e  a r e :  

1. The vacancies  produced by t h e  i r r a d i a t i o n  a r e  p r e f e r e n t i a l l y  

a t t r a c t e d  t o  t h e  l i t h ium ins t ead  of t h e  phosphorus because 

of t he  l a r g e r  c ros s  s e c t i o n s  of t h e  l i t h ium than the  

phosphorus f o r  the  vacancies .  

2. The phosphorus is pa i r ed  wi th  t h e  l i t h ium and the re fo re  is  

not  f r e e  t o  combine wi th  the  vacancies t o  produce Si-G8 c e n t e r s .  



The arguments for the decreased introduction rates of the Si-G8 

centers are the same as those for Si-B1 centers. However, in the Si-B1 

center studies, oxygen was present in the samples instead of phosphorus. 

The ESR studies of the Si-G7, Si-G8, and Si-B1 centers yield the 

same basic result. The introduction rate of these centers in lithium- 

diffused silicon is decreased for 300°K electron irradiations. Since 

these centers are considered as recombination centers in electron- 

irradiated non-lithium-diffused silicon, there is a possibility of 

decreasing the lifetime degradation in silicon due to the presence of 

lithium. However, experimental measurements of the lifetime degradation 

constant in heavily lithium-diffused silicon for 30-MeV electron ir- 

radiations yield values equal to or larger than those for non-lithium- 

diffused silicon. This result implies that in electron irradiations 

of heavily lithium-diffused silicon, a new recombination center is 

produced which degrades the lifetime at the same rate or faster than 

the Si-G7, Si-G8, or Si-B1 center. It is most probable that this 

new recombination center contains lithium or is affected in its pro- 

duction by lithium. 

A new ESR center has been observed in lithium-diffused phosphorus- 

doped silicon irradiated with 30-MeV electrons. The nature of this 

center is not known at the present time. 



8. RECOMMENDATIONS 

The following activities are recommended in the continuing investiga- 

tion of the radiation effects in silicon solar cells: 

1. Continue the current investigation of minority-carrier 

lifetime in bulk, lithium-diffused, float-zone silicon of 

various resistivities before and after electron and neutron 

irradiations and anneals to determine (a) the density and 

nature of recombination centers before irradiation, (b) the 

nature and introduction rate of radiation-induced recombina- 

tion centers, and (c) the annealing behavior of these centers. 

2. Supplement this program with irradiations at reduced tem- 

peratures to determine the introduction rates, the annealing 

properties, and the nature of the defects produced by ir- 

radiations at temperatures between 77 and 450°K. 

3. Investigate the annealing of electron and neutron 

radiation-induced recombination centers in lithium- 

diffused silicon at anneal temperatures above 400°K to 

explore the possibility of reverse annealing. If possible, 

relate this study to "redegradation." 

4. Perform studies on lithium-diffused quartz-crucible-grown 

silicon as outlined in items 1, 2, and 3 for float-zone- 

grown silicon. 



5. Continue the investigation of the radiation-induced defects 

by means of ESR studies. These studies would emphasize the 

nature and mechanisms for production and annealing in lithium- 

diffused silicon of defects known to be produced in non- 

lithium-diffused silicon. Where observable, the nature of 

lithium-related defects should be studied. 

6. Use optical studies in conjunction with the ESR technique 

to obtain additional information on the nature of the defects, 

and their introduction and annealing, in lithium-diffused 

silicon. 

7. Develop techniques making it possible to predict the 

performance of silicon solar cells in an irradiation en- 

vironment. With minor modifications, available computer 

codes can be used to make these predictions from basic 

materials parameters and the effect of radiation on 

these parameters. 



9 .  NEW TECHNOLOGY 

No new technology is  c u r r e n t l y  be ing  developed o r  employed i n  this 

program. 
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